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INDUCIBLE MUTAGENESIS OF TARGET
GENES

This application 1s a divisional of application Ser. No.
12/598,031, filed Oct. 28, 2009, now U.S. Pat. No. 8,679,845,
issued Mar. 25, 2014, which was a national stage filing of

international application number PCT/US2008/653528, filed
Jun. 2, 2008, which claims benefit of U.S. provisional patent

application No. 60/932,672, filed May 31, 2007, the entire
contents of which are incorporated by reference into this

application.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This 1nvention was made with U.S. government support
under RO1 GMO041712, awarded by the National Institutes of

Health. The U.S. government has certain rights in the mven-
tion.

TECHNICAL FIELD OF THE INVENTION

The present invention relates generally to mutagenesis of
target genes that takes advantage of the natural mutagenic
capabilities of B cells, and enhances those capabilities by
bringing the process of diversification under control. The
invention provides a method for rapidly and inducibly gener-
ating point mutations and other types of diversification 1n
expressed genes, such as antibody genes. This method can be
coupled with selection to 1dentity B cell clones that produce,
for example, antibodies of high aflinity or specificity. The
diversification process can be modulated, accelerated, halted,
switched between methods of mutagenesis and the like. The
modulation of diversification in accordance with the mmven-
tion 1s both inducible and reversible. The 1nvention provides
a means of rapid and feasible development of a repertoire of
variant immunoglobulins and other polypeptides.

BACKGROUND OF THE INVENTION

Antibodies are molecules that provide a key defense
against infection 1n humans. They are used as therapeutics 1n
treatment of a variety of diseases, from infectious disease to
cancer. They are also used as diagnostic reagents in a huge
variety of tests carried out daily in clinical and research labo-
ratories.

Antibody specificity and affinity are modified 1n vivo by
processes of mutation, targeted to specific regions within the
genes that encode antibodies. Antibodies are encoded by two
genes, referred to as the immunoglobulin (Ig) heavy and light
chain genes. The heavy and light chains of polypeptides
encoded by the Ig genes interact to form a tetrameric mol-
ecule which 1s expressed on the cell surface as a receptor.
Antibody molecules are bitunctional: one domain recognizes
antigen, the other promotes removal of antigen from the body.
The recognition domain, referred to as the variable (V)
region, 1s created upon interaction of the heavy and light chain
polypeptides 1n natural antibodies. It 1s in fact vanable in
sequence from one antibody to another. Variability in V
region primary sequence (and hence three-dimensional struc-
ture and antigen specificity) 1s the result of processes which
alter V region sequence by causing irreversible genetic
changes. These changes are programmed during B cell devel-
opment, and can also be induced 1n the body 1n response to
environmental signals that activate B cells. Several genetic
mechanisms contribute to this variability. Two subpathways
of the same mechanism lead to two different mutagenic out-
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comes, referred to as somatic hypermutation and gene con-
version (reviewed (Maizels, 2003)). Somatic hypermutation

inserts point mutations. Somatic hypermutation provides the
advantage of enabling essentially any mutation to be pro-
duced, so a collection of mutated V regions has essentially
sampled a large variety of possible mutations. Gene conver-
sion 1nserts mutations that are “templated” by related but
non-identical sequences. Gene conversion provides the
advantage of creating a repertoire based on information
already stored in the genome, which may be optimized by
evolutionary selection.

The modified antigen receptor 1s the target for selection. Ig
1s expressed on the cell surface, which permits clonal selec-
tion of B cells with desired specificity or aflinity 1n a physi-
ological context or within cultured cells. Cell surface Ig can
readily be detected by flow cytometry of cells stained with
anti-Ig. Binding of Ig molecules to specific compounds can be
detected as interaction with fluorescent derivatives of those
compounds, analyzed by flow cytometry; and B cells that
bind to specific compounds can also be recovered upon sort-
ing by tlow cytometry. B cells that bind to specific compounds
can also be selected on solid supports carrying those com-
pounds. Conversely, binding to solid support also permits
removal of B cells with unwanted binding specificities.
Repetitive cycles of binding and release permit enrichment
for high affinity binding.

Mutation and gene targeting occur in the DT40 B cell line.
DT40 1s a chicken B cell line that proliferates readily 1n
culture. D140 has been widely documented to carry out con-
stitutive mutagenesis of 1ts heavy and light chain 1mmuno-
globulin genes (Reynaud et al.,, 1987; Thompson and
Neiman, 1987; Reynaud etal., 1989). Mutagenesis 1s targeted
to the V regions. Mutations are normally templated by copy-
ing related non-functional V gene segments, called “pseudo-
V'’ genes, which are present 1n a linear array upstream of each
functional V region. Templating 1s evident as ftracts of
sequence shared between the mutated V target and one of the
pseudo-V genes. Genetic alterations of D140 have been
shown to cause a switch from templated mutagenesis to non-
templated mutagenesis, which results 1n somatic hypermuta-
tion, by a pathway essentially 1dentical to somatic hypermu-
tation that alters the sequences of V regions in human B cells
(Sale et al., 2001). DT40 has also been widely documented to
support very etlicient homologous recombination, or gene
targeting (Buerstedde et al., 2002; Sale, 2004 ). This enables
creation of derivatives 1n which specific genes or genomic
regions have been modified or ablated; or in which one
genetic region has been replaced with another.

Due to the limitations and challenges posed by currently
available approaches to targeted mutagenesis there 1s a need
in the art for the development of alternative methods and
constructs. The present mvention fulfills this need, and fur-
ther provides other related advantages.

SUMMARY OF THE INVENTION

The invention meets these needs and others by providing
maternals and methods for diversification of target sequences.
The mvention provides a B cell modified to permit reversible
induction of diversification of a target gene. The cell com-
prises a cis-regulatory element operably linked to a target
gene ol interest. A factor that modulates diversification can
then be fused to a tethering factor that binds to the cis-regu-
latory element, thereby tethering the diversification factor to
the region that controls expression of the target gene. The B
cell can be a chicken DT40 B cell or other vertebrate B cell,
with a human B cell or a chicken D140 B cell containing
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humanized immunoglobulin (Ig) genes (1n which human IgH
and Igl. replace chicken IgH and Igl.) preferred for some
embodiments.

Typically, the target gene comprises a promoter and a cod-
ing region. In one embodiment, the target gene comprises an
immunoglobulin (Ig) gene, wherein the Ig gene comprises an
Ig gene enhancer and coding region. The Ig gene can be all or
part of an Igl. and/or IgH gene. The coding region can be
native to the Ig gene, or a heterologous gene. In some embodi-
ments, the target gene 1s or contains a non-Ig target domain
tor diversification, as well as domains permitting display of
the gene product on the B cell surface, including a transmem-
brane domain and a cytoplasmic tail. The coding region of the
target gene 1n the B cell of the invention need not comprise a
complete coding region. In some embodiments, a particular
region or domain 1s targeted for diversification, and the cod-
ing region may optionally encode only a portion that includes
the region or domain of interest.

The cis-regulatory element provides a landing pad in the
region that controls diversification and/or expression of the
target gene. This landing pad 1s a place to which a tethering,
factor can bind 1n a sequence-specific manner to this region of
the DNA. In a typical embodiment, the cis-regulatory element
1s a polymerized Lactose operator (LacO). In one embodi-
ment, the element comprises about 80-100 repeats of LacO.
In another embodiment, the cis-regulatory element 1s a single
or multimerized tetracycline operator (1TetO). A variety of
molecules can be used as a cis-regulatory element, so long as
the element serves the landing pad function of providing a
place to which a tethering factor (a sequence-speciiic DNA
binding protein) can bind to the DNA and bring a diversifi-
cation factor, fused to the tethering factor, into suificient
proximity of the coding region so that diversification of the
coding region 1s capable of reversible regulation.

A tethering factor 1s one that binds to the cis-regulatory
clement 1n a sequence-specific manner. In the embodiments
in which LacO serves as a cis-regulatory element, the Lac
repressor, Lacl, can serve as the tethering factor, and its
binding to the cis-regulatory element, LacO, can be regulated
by 1sopropyl-3-D-thio-galactoside (IPTG). In the absence of
IPTG, Lacl binds LacO and diversification 1s accelerated (or
otherwise regulated) by the presence of the diversification
tactor. IPTG can be added 1n the event that a halt or reduction
in activity of the diversification factor 1s desired. In embodi-
ments 1 which TetO serves as the cis-regulatory element,
TetR can be a suitable tethering factor, and the activity of the
diversification factor can be regulated by tetracycline or
doxycycline.

In some embodiments, the diversification factor 1s a tran-
scriptional regulator, a heterochromatin-associated protein, a
histone chaperone, a chromatin remodeler, a component of
the nuclear pore complex, a gene regulator or a combination
thereol. Other molecules that can serve as a diversification
factor include, but are not limited to, a DNA repair factor, a
DNA replication factor, a resolvase, a helicase, a cell cycle
regulator, a ubquitylation factor, a sumoylation factor, or a
combination thereof. In one embodiment, the transcriptional
regulator 1s VP16 or E477. A typical heterochromatin-associ-
ated protein for use as a diversification factor 1s HPI1. A
representative histone chaperone 1s HIRA.

Also provided 1s a method of producing a repertoire of
polypeptides having variant sequences of a polypeptide of
interest via diversification of polynucleotide sequences that
encode the polypeptide. Typically, the method comprises cul-
turing the B cell of the mvention 1n conditions that allow
expression of the diversification factor, wherein the target
gene of the B cell contains the coding region of the polypep-

10

15

20

25

30

35

40

45

50

55

60

65

4

tide of interest, thereby permitting diversification of the cod-
ing region. The method can further comprise maintaining the
culture under conditions that permit proliferation of the B cell
until a plurality of variant polypeptides and the desired rep-
ertoire 1s obtained.

In another embodiment, the invention provides a method of
producing B cells that produce an optimized polypeptide of
interest. The method comprises culturing a B cell of the
invention in conditions that allow expression of the diversifi-
cation factor, wherein the target gene of the B cell contains the
coding region of the polypeptide of interest, and wherein the
B cell expresses the polypeptide of interest on its surface. The
method further comprises selecting cells from the culture that
express the polypeptide of interest on the B cell surface by
selecting cells that bind a ligand that specifically binds the
polypeptide of interest. These steps of culturing and selecting
can be repeated until cells are selected that have a desired
allinity for the ligand that specifically binds the polypeptide
of interest. In embodiments 1n which the polypeptide of inter-
est 1s an Ig, such as an Igl., IgH or both, the ligand may be a
polypeptide, produced by recombinant or other means, that
represents an antigen. The ligand can be bound to or linked to
a solid support to facilitate selection, for example, by mag-
netic-activated cell selection (MACS). In another example,
the ligand can be bound to or linked to a fluorescent tag, to
allow for or fluorescence-activated cell sorting (FACS).

The methods of the invention can further comprise adding,
a regulatory molecule to the culture, wherein the regulatory
molecule modulates binding of the tethering factor to the
cis-regulatory element, thereby modulating diversification of
the coding region. In the examples discussed above, IPTG,
tetracycline and doxycycline serve as the regulatory mol-
ecules. Those skilled 1n the art are aware of other regulatory
molecules that can be used with a particular tethering factor to
regulate diversification activity.

The regulatory molecule can modulate the diversification
of the coding region 1n a variety of ways. For example, 1n
some embodiments, the regulatory molecule 1s added to the
culture to effect modulation, and the modulation can result in
reducing or halting diversification, or 1n enhancing or accel-
erating diversification, depending on whether the particular
regulatory molecule 1s one that increases or decreases binding
ol the tethering factor to the cis-regulatory element, and on
whether that particular change 1n binding has the effect of
increasing or decreasing diversification activity. In other
embodiments, the modulation, be it reduction, halt or
enhancement or acceleration of the modulation, 1s effected by
removing or eliminating the regulatory molecule from the
culture. Likewise, modulation of diversification can be
cifected by adding a gene to or eliminating a gene from the B
cell, or by increasing or diminishing the expression of a gene
in the B cell. One skilled 1n the art can readily appreciate all
of the available permutations set forth above, each of which
has the effect of altering the level or presence of a regulatory
molecule 1in the B cell, and 1n turn, altering the tethering of the
diversification factor to the cis-regulatory element and
thereby altering the diversification activity.

Also provided 1s a kit that can be used to carry out the
methods of the invention. The kit comprises a B cell of the
invention and fusion constructs that express the correspond-
ing tethering and diversification factors. For example, the B
cell comprises a cis-regulatory element operably linked to a
target gene, wherein the target gene comprises a promoter and
a coding region. The kit further comprises one or more con-
tainers, with one or more fusion constructs stored in the
containers. Fach fusion construct comprises a polynucleotide
that can be expressed in the B cell and that encodes a tethering
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factor fused to a diversification factor, wherein the tethering
factor specifically binds to the cis-regulatory element of the B

cell. The B cell can include a plurality of cis-regulatory ele-
ments for use with a plurality of fusion constructs.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1. Schematic illustration of antibody somatic hyper-
mutation. Upper panel: the complementarity-determining,
regions (CDRs) of an Ig molecule contact antigen. Lower
panel: mutations are concentrated at the genomic regions
encoding the CDR:s.

FIG. 2. Bar graph showing the effect of tethered cis-regu-
lators on Ig gene diversification in DT40 PolyLacO A cells.
Clonal diversification rates were compared 1n the presence
and absence of IPTG.

FI1G. 3. Schematic illustration of how antibody specificities
evolve during expansion of a B cell clone. Antibody 1s
expressed on the cell surface. Selection of a population that
mitially expresses multiple specificities (top left) succes-
stvely enriches for a desired specificity (thin double circles,
center) and higher affinity (thick circles, bottom right).

FIG. 4A-B. Demonstration that E2 A associates with the
rearranged Igh locus. FIG. 4A: Schematic of the rearranged
and unrearrranged IgA loci 1 the chicken B cell lymphoma
line, DT40. Shown are promoter (P), leader (L), vaniable (V),
jommng (J) and constant (CA) regions; the putative matrix
attachment region (M) 1in the J-C intron; the 3'-enhancer
(E-3"); and the most proximal (1 V1) and distal (1yV25) of the
upstream nonfunctional pseudo-variable regions which are
templates for gene conversion. The rearranged and unrear-
ranged alleles can readily be distinguished by PCR, using
primers indicated by arrows. FIG. 4B: ChIP analysis of E2ZA
enrichment at the rearranged AR and unrearranged AU loci 1n
DT40 cells, relative to ovalbumin gene control amplicon
(Ova). Fold enrichment 1s shown below. NTC, no template
control.

FIG. SA-F. E2A acts 1n ci1s to regulate Igh gene diversifi-
cation. FIG. 5A: Schematic of the PolyLacO-tagged rear-
ranged IgA locus. PolyLacO 1s integrated between 1V17-20;
other notions as 1n FIG. 4A. FIG. SB: Cell cycle profile of
DT40 and DT40 PolyLacO-AR cells. FIG. 3C: Accumulation
of slgM-loss variants by D'T40and DT40 PolyLacO-AR cells.
Frequencies of slgM-loss variants in 24 subclones from each
line were quantitated by flow cytometry following 6 wk
clonal expansion. Frequencies shown were normalized to
DT40; mean slgM-loss frequencies were 0.8% and 0.9%,
respectively. FIG. 5D: Cell cycle profile of D'T40 PolyLacO-
AR GFP-Lacl and DT40 PolyLacO-AR E4’7-Lacl cells. FIG.
S5E: RT-PCR analysis of expression of Igh, AID or 3-actin
mRNAs 1n DT40 PolyLacO-AR GFP-Lacl and DT40 Poly-
LacO-AR E47-Lacl transiectants. Triangles indicate 30, 10, 3

and 1x relative concentrations of cDNA templates. FIG. SF:

Mean slgM loss of independent clonal DT40 PolyLacO-AR
GFP-Lacl (n=13) and DT40 PolyLacO-AR E47-Lacl (n=19)
transiectants, cultured for 3 wk 1n the absence or presence of
100 uM IPTG. Values were normalized to DT40 PolyLacO-
AR GFP-Lacl cells cultured without IPTG.

FIG. 6 A-B. Nuclear radius correlates with cell cycle. FIG.
6 A: Representative images of G1- and G2/M-enriched cells.
G1 (left) and G2/M (right) cells were stained with Hoechst
33342 (10 uM; Molecular Probes) then sorted based on DNA
content. Bar, 10 um. FIG. 6B: Representative cell cycle pro-
file of DT40 PolyLacO-AR cells. Mean radiizs.d. are shown
as horizontal bars within the representative profile. Dotted
vertical lines indicate cut-oils for G1 and G2 used in experi-

mental analyses: G1, r<4 um; G2, r>5.2 um.
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FIG. 7A-D. E2A localizes to AR 1n G1 phase of cell cycle.

FIG. 7A: Representative 1mage of colocalization of AR and
E2A 1n DT40 PolyLacO-AR GFP-Lacl cells. Nuclear perim-
cter as determined by DAPI staining 1s outlined by the dashed
white line. Bar, 5 um. FIG. 7B: Fraction of AR/E2A colocal-
1zations occurring in each phase of cell cycle 1n DT40 Poly-
LacO-AR GFP-Lacl cells. FIG. 7C: Representative image of
colocalization of AR and active Pol II (P*-Pol II) 1n DT40
PolyLacO-AR RFP-Lacl cells. Notations as in 7A. FIG. 7D:
Fraction of AR/P*-Pol II colocalizations occurring in each
phase of cell cycle in DT40 PolyLacO-AR RFP-Lacl cells.

FIG. 8A-F. 1d1 expression inhibits AR/E2 A colocalizations
in G1 phase. F1G. 8A: Western blotassaying Id1 expression in
DT40 PolyLacO-AR RFP-Lacl (lett) and DT40 PolyLacO-
AR RFP-Lacl Idl cells (right). Marker polypeptide sizes
(kDa) at left. FIG. 8B: Cell cycle profile of D140 PolyLacO-
AR RFP-Lacl and DT40 PolyLacO-AR RFP-Lacl 1d1 cells.
FIG. 8C: Mean slgM loss of independent clonal D140 Poly-
LacO-AR RFP-Lacl Idl transfectants (n=6), cultured for 6
wk. Values were normalized to DT40 PolyLacO-AR RFP-
Lacl cells. FIG. 8D: Id1 expression does not alter Igh or AID
transcript levels. RT-PCR analysis of expression of Igh, AID
or p-actin control mRNA 1n DT40 PolyLacO-AR RFP-Lacl
and D140 PolyLacO-?\R REFP-Lacl Id1 cells. FIG. 8E: Effect
of Id1 expressmn on cell cycle-dependence of AR/E2A colo-
calizations 1n DT40 PolyLacO-AR RFP-Lacl cells and a
derivative stably expressing Id1 (Idl - and +, respectively).
Percent of colocalizations 1in each stage of cell cycle 1s shown.
FIG. 8F: Effect ol Id1 expression on cell cycle-dependence of
colocalizations of AR/P*-Pol II colocalizations and 1n DT40
PolyLacO-%.R RFP-Lacl cells and a dertvative stably express-
ing Id1. Details as in 8E.

FIG. 9A-B. Chromatm Modification at the DT40 Igi
Locus. FIG. 9A: Schematic diagram of the rearranged
chicken IgA locus, showing the 25 YVA regions and the
rearranged VAR gene (leader, L; variable region, VA-JA; con-
stant region, CA region. FIG. 9B: Summary of a representa-
tive chromatin immunoprecipitation experiment, assaying
N-terminal acetylation of histones H3 and H4 (AcH3 and
AcH4). Sites interrogated were: a region approximately 1 kb
upstream of the YVA array (tlank); the region between PYVAS
and VA, YVALYVAS; YVALIZ, YVALIR; YVA24; P VA2S5; and
the rearranged VAR and unrearranged VAu alleles. See Mate-
rials and Methods for details. Bars indicate standard devia-
tion.

FIG. 10A-B. Reversible Tethering of GFP-Lacl to the
YVA, Array 1n D140 PolyLacO-AR. FIG. 10A: Schematic
diagram of the rearranged chicken Igh locus in D140, with
polymerized lactose operator (PolyLacQO) inserted between

PVA17-20. Notations as 1n FIG. 9. FIG. 10B: Fluorescent
images of D140 GFP-Lacl transfectants and DT40 Poly-
LacO-VAR GFP-Lacl transfectants cultured in the absence of
IPTG (left); or 1n the presence of 100 uM IPTG overnight
(right).

FIG. 11A-C. Tethered HP1 Dimimishes Modifications
Characteristic of Active Chromatin. FIG. 11A: Representa-
tive fluorescent images of single DT40 PolyLacO-VAR Lacl-
HP1 transfectants, stained with anti-Lacl antibodies (leit);
DAPI (center); or merged 1mage (right). FIG. 11B: Enrich-
ment of acetylated H3 (AcH3) and H4 (AcH4)at{yVA17R 1n
DT40 PolyLacO-VAR GFP-Lacl and D140 PolyLacO-VAR
Lacl-HP1 transfectants. Following ChIP, duplex PCR was
carried out with Ova and YVA17R primers. Enrichment 1s
expressed relative to the total DNA 1nput control, xstandard
deviation of four separate amplifications of increasing
amounts of template DNA. FIG. 11C: Histogram showing
enrichment of AcH3 and AcH4 at yVA17R (from panel B)
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and the pol € promoter 1n DT40 PolyLacO-VAR GFP-Lacl
and DT40 PolyLacO-VAR Lacl-HP1 transfectants. Bars indi-
cate standard deviation.

FIG. 12A-C. Tethered HP1 Does Not Affect Igh Expres-
sion. FIG. 12A: Relative enrichment of AcH3 and AcH4 at
VAR 1 DT40 PolyLacO-VAR GFP-Lacl and DT40 Poly-
LacO-VAR Lacl-HP1 transiectants. Enrichment values were
normalized to the D140 PolyLacO-VAR GFP-Lacl control.
Bars indicate standard deviation of four separate amplifica-
tions of increasing amounts of template DNA. FIG. 12B:

Relative itensity of cell surface IgM (slgM) expression 1n
DT40 PolyLacO-AR GFP-Lacl (GFP-Lacl) and D140 Poly-

LacO-AR Lacl-HP1 (LacI-HP1) transfectants cultured 1n the
presence and absence of 250 uM IPTG. slgM levels were
quantitated by measuring intensity ol staining with mouse
anti-chicken IgM antibody, and normalized to the level 1n

DT40 PolyLacO-AR GFP-Lacl transfectants. Details as 1n
12A. FIG. 12C: Relative levels of VAR transcripts in DT40
PolyLacO-AR GFP-Lacl (GFP-Lacl) and DT40 PolyLacO-
AR Lacl-HP1 (Lacl-HP1) transfectants. Transcript levels
were quantitated by RT-PCR and normalized to the level in
DT40 PolyLacO-AR GFP-Lacl transfectants. Details as 1n
12A.

FIG. 13A-B. Tethered HP1 Decreases Histone Acetylation
throughout the YVA Array. FIG. 13A: Summary of a chro-
matin immunoprecipitation experiment, assaying N-terminal
acetylation of histone H3 1n chromatin from the D140 Poly-
LacO-VAR Lacl-HP1 cell line cultured for 3 days in the
presence and absence of 250 uM IPTG. ChIP enrichment
values (see Example 4) were normalized to values obtained
from a parallel analysis of chromatin from DT40 PolyLacO-
VAR GFP-Lacl cells. Bars indicate standard deviation of four
separate amplifications of increasing amounts of template
DNA. FIG. 13B: Summary of a chromatin immunoprecipita-
tion experiment, assaying N-terminal acetylation of histones
H4 in chromatin from the D140 PolyLacO-VAR Lacl-HP1
cell line cultured for 3 days 1n the presence and absence 01 250
uM IPTG. Details as 1n 13A.

FIG. 14 A-B. Nontemplated and Templated Mutation Pro-
moted by Tethered HP1. FIG. 14A: slgM loss fluctuation
assay of panels of independent DT40 PolyLacO-VAR GFP-
Lacl (n=27) and DT40 PolyLacO-VAR Lacl-HP1 (n=16).
The figure shows combined data from at least two 1ndepen-
dent transiectants for each fusion construct. Median diversi-
fication rates are shown below. FIG. 14B: Summary of

sequence analysis of VA regions carrying unique mutations,
from DT40 PolyLacO-VAR GFP-Lacl (n=78) and DT40

PolyLacO-VAR Lacl-HP1 (n=36) transfectants, as analyzed
by single cell PCR. Sequences were pooled from two inde-
pendent transiectants.

FIG. 15. Sequence Alignment of Mutated DT40 Poly-
LacO-AR Lacl-HP1 Clones. Sequences of 14 umque,
mutated VA regions from diversified D140 PolyLacO-AR
Lacl-HP1 cells. Blue boxes outline gene conversion tracts;
red circles denote point mutations; black dotted boxes indi-
cate nontemplated 1nsertions; orange triangles denote dele-
tions. Parent sequence of DT40 region (SEQ ID NO: 31) 1s
presented, with mutation sites indicated.

FIG. 16A-E. Ig gene conversion 1s accelerated by VP16
tethered to the YVA array. FIG. 16A: Schematic diagram of
the rearranged chicken Igh locus in D140, with polymerized
lactose operator (PolyLacQO) inserted between (VA17-20.
Leader, L; rearranged variable region, VA-JA; constant
region, CA. FIG. 16B: Western blot analysis of expression of
GFP-Lacl or GFP-Lacl-VP16 1n indicated transfectants.
Expression was assayed by blotting with anti-Lacl antibod-
1es, relative to p-actin control. FIG. 16C: Cell cycle profile of
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DT40 PolyLacO-A GFP-Lacl and D140 PolyLacO-A GFP-
Lacl-VP16 transtectants. F1G. 16D: Quantitation of RT-PCR
comparison of VA transcript levels in DT40 PolyLacO-A
GFP-Lacl and D140 PolyLacO-A GFP-Lacl-VP16 transtec-
tant, normalized to DT40 PolyLacO-A GFP-Lacl. FIG. 16E:
Fluorescent image of D140 PolyLacO-A GFP-Lacl-VP16
transiectants. Arrows indicate GFP-Lacl-VP16 bound to IgA.

Nuclei were counterstained with DAPI (blue).
FIG. 17A-C. AcH3 and AcH4 levels are increased and Ig

gene conversion 1s accelerated by VP16 tethered to the 1 VA
array. F1G. 17A: Enrichment of acetylated H3 (AcH3) at 1n
DT40 PolyLacO-A GFP-Lacl-VP16 transtectants. Following
ChIP, duplex PCR was carried out with Ova and VA 17R
primers. Enrichment 1s expressed relative to the total DNA
input control, xstandard deviation of four separate amplifica-
tions of increasing amounts of template DNA. FIG. 17B:

Enrichment of acetylated H4 (AcH4) at Igh 1n D140 Poly-
LacO-A GFP-Lacl-VP16 transfectants. Notations as in 17A.
FIG. 17C: Median slgM loss 1n panels of independent D140
PolyLacO-A GFP-Lacl-VP16 transiectants, normalized to
DT40 PolyLacO-A GFP-Lacl transfectants. The figure shows
combined data from at least two independent transfectants for
cach fusion construct. The fold increase relative to control

DT40 PolyLacO-A GFP-Lacl transtectants 1s shown below.

FIG. 18A-B. The H3.3 histone variant 1s enriched at the
DT40 IgA locus. FIG. 18A: Schematic diagram of the rear-
ranged chicken IgA locus 1n DT40. Notations as in FIG. 16A.
FIG. 18B: Summary of a representative chromatin immuno-
precipitation experiment, assaying the H3.3 histone variant.
Sites 1nterrogated were: a region approximately 1 kb
upstream of the YVA array (tlank); the region between pVAS
and VA, oVAL, oVAS; YVAL3; YVAL8; YVA24;(pVA2S; and
the rearranged VAR allele. Bars indicate standard deviation.

FIG. 19A-C. Ig gene conversion 1s accelerated by HIRA
tethered to the YV A array. F1G. 19 A: Western blot analysis of
expression of GFP-Lacl or HIR A-Lacl in indicated transtiec-
tants. Expression was assayed by blotting with anti-Lacl anti-
bodies, relative to p-actin control. FIG. 19B: Cell cycle pro-
file of DT40 PolyLacO-A GFP-Lacl and D140 PolyLacO-A
HIR A-Lacl transfectants. FIG. 19C: Quantitation of RT-PCR
comparison of VA transcript levels in DT40 PolyLacO-A
GFP-Lacl and D140 PolyLacO-A HIRA-Lacl transfectants,
normalized to DT40 PolyLacO-A GFP-Lacl.

FIG. 20A-C. The H3.3 histone variant 1s enriched and gene
conversion accelerated by HIRA tethering in DT40 Poly-
LacO-A. FIG. 20A: Enrichment of H3.3 (green) and pan H3
(blue) at YVAI/R 1n DT40 PolyLacO-A and DT40 Poly-
LacO-A HIRA-Lacl cells expressing H3.3-FLAG. Results for
two independent lines of DT40 PolyLacO-A HIRA-Lacl are
shown. Enrichment of DT40 PolyLacO-A 1s normalized to a
value of “1”. Bars are shown zstandard deviation of four
separate amplifications of increasing amounts of template
DNA. FIG. 20B: Flow cytometry of slgM+ cells 1n represen-
tative populations of DT40 PolyLacO-GFP-Lacl cells and

DT40 PolyLacO-A HIRA-Lacl cells. FIG. 20C: Median slgM
loss 1n panels of independent DT40 PolyLacO-A HIRA-Lacl,
and DT40 HIRA transiectants, normalized to DT40 Poly-
LacO-A GFP-Lacl transiectants. The figure shows combined
data from at least two independent transiectants for each
fusion construct. The fold increase relative to control DT40
PolyLacO-A GFP-Lacl transiectants 1s shown below.

FIG. 21 A-B. Distinct chromatin etfects of tethered HIRA
and VP16. FI1G. 21 A: Southern blot analysis of the PolyLacO
region 1n DT40 PolyLacO-A GFP-Lacl, DT40 PolyLacO-A
GFP-Lacl-VP16 and D140 PolyLacO-A HIRA-Lacl trans-
tectants, following digestion of chromatin with micrococcal
nuclease (MNase). No MNase, (-). Numbers at the right




US 9,273,119 B2

9

denote nucleosome multimers. FIG. 20B: Model of how
clevated histone deposition could be responsible for an accen-
tuated “laddering” pattern of chromatin. Arrowheads indicate
possible MNase cleavage sites. Dark arrowheads indicate a
restricted range of cleavable DNA, and grey arrowheads sug-
gest a large range of cleavable DNA to generate deviations
from the predicted ~150 bp cleavage product.

FI1G. 22. Sequences of mutated V regions from single DT40
PolyLacO-A GFP-Lacl-VP16 cells. V regions were amplified
from single slgM-cells and then sequenced. Clear blue boxes
outline long-tract gene conversion events; blue-shaded boxes
outline short-tract gene conversion events; red circles denote
point mutations; black dotted boxes indicate insertions; carats
denote deletions.

FI1G. 23. Sequences of mutated V regions from single DT40
PolyLacO-A HIRA-Lacl cells. Notations as 1n FIG. 22.

DETAILED DESCRIPTION OF THE INVENTION

The present invention 1s based on the development of B cell
lines 1n which mutagenesis of a target immunoglobulin gene
1s inducible. Immunoglobulin 1s expressed on the cell surface,
permitting selection for clones that express immunoglobulin
molecules with particular specificities, increased aifinities,
and/or new activities. This can be carried out with immuno-
globulin and also non-immunoglobulin genes at the target
site.

DEFINITIONS

All scientific and technical terms used 1n this application
have meanings commonly used 1n the art unless otherwise
specified. As used 1n this application, the following words or
phrases have the meanings specified.

As used herein, “polypeptide” includes proteins, frag-
ments of proteins, and peptides, whether 1solated from natural
sources, produced by recombinant techniques or chemically
synthesized. Peptides of the invention typically comprise at
least about 6 amino acids.

As used herein, “diversification” of a target gene means a
change or mutation 1n sequence or structure of the target gene.
Diversification includes the biological processes of somatic
hypermutation, gene conversion, and class switch recombi-
nation, which can result in point mutation, templated muta-
tion DNA deletion and DNA insertion. The diversification
factors of the invention can induce, enhance or regulate any of
these methods of diversification.

A “mutation” 1s an alteration of a polynucleotide sequence,
characterized either by an alteration in one or more nucleotide
bases, or by an insertion of one or more nucleotides into the
sequence, or by a deletion of one or more nucleotides from the
sequence, or a combination of these.

As used herein, a “cis-regulatory element” 1s a DNA
sequence positioned 1n a region that controls expression or
diversification of a gene. A tethering factor binds in a
sequence-specific manner to this region of the DNA. Repre-
sentative cis-regulatory elements include, but are not limited
to, LacO and TetO.

Asused herein, a “tethering factor” 1s a molecule that binds
to the cis-regulatory element in a sequence-specific manner.
One example of a tethering factor 1s a “repressor”, a protein
that 1s synthesized by a regulator gene and binds to an opera-
tor locus, blocking transcription of that operon. Exemplary
tethering factors include, but are not limited to, Lacl and
TetR.

As used herein, a “diversification factor” refers to a mol-
ecule that accelerates or regulates diversification or hypermu-
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tation. Representative diversification factors include some
identified initially as transcriptional regulators (e.g., VP16 or
E47), a heterochromatin-associated protein (e.g., HP1), a his-
tone chaperone (HIRA), a chromatin remodeler, a component
of the nuclear pore complex (NUP1353), a gene regulator or a
combination thereof. Other molecules that can serve as a
diversification factor include, but are not limited to, a DNA
repair factor, a DNA replication factor, a resolvase, a helicase,
a cell cycle regulator, a ubquitylation factor, a sumoylation

factor, or a combination thereof.

As used herein, “promoter” means a region of DNA, gen-
erally upstream (5') of a coding region, which controls at least
in part the mitiation and level of transcription. Reference
herein to a “promoter” 1s to be taken 1n its broadest context
and includes the transcriptional regulatory sequences of a
classical genomic gene, including a TATA box or a non-TATA
box promoter, as well as additional regulatory elements (1.e.,
activating sequences, enhancers and silencers) that alter gene
expression in response to developmental and/or environmen-
tal stimuli, or 1n a tissue-specific or cell-type-specific manner.
A promoter 1s usually, but not necessarily, positioned
upstream or 5', of a structural gene, the expression of which 1t
regulates. Furthermore, the regulatory elements comprising a
promoter are usually positioned within 2 kb of the start site of
transcription of the gene, although they may also be many kb
away. Promoters may contain additional specific regulatory
elements, located more distal to the start site to further
enhance expression in a cell, and/or to alter the timing or
inducibility of expression of a structural gene to which 1t 1s
operably connected.

As used herein, “operably connected” or “operably linked”
and the like 1s meant a linkage of polynucleotide elements 1n
a functional relationship. A nucleic acid 1s “operably linked”
when 1t 1s placed 1nto a functional relationship with another
nucleic acid sequence. For instance, a promoter or enhancer 1s
operably linked to a coding sequence 111t atfects the transcrip-
tion of the coding sequence. Operably linked means that the
nucleic acid sequences being linked are typically contiguous
and, where necessary to join two protein coding regions,
contiguous and in reading frame. “Operably linking™ a pro-
moter to a transcribable polynucleotide 1s meant placing the
transcribable polynucleotide (e.g., protein encoding poly-
nucleotide or other transcript) under the regulatory control of
a promoter, which then controls the transcription and option-
ally translation of that polynucleotide.

The term “nucleic acid” or “polynucleotide” refers to a
deoxyribonucleotide or ribonucleotide polymer in either
single- or double-stranded form, and unless otherwise lim-
ited, encompasses known analogs of natural nucleotides that
hybridize to nucleic acids 1n a manner similar to naturally-
occurring nucleotides.

As used herein, “a” or “an” means at least one, unless
clearly indicated otherwise.

B Cells

The 1invention provides a B cell modified to permit revers-
ible induction of diversification of a target gene. The cell
comprises a cis-regulatory element operably linked to a target
gene ol interest. A factor that modulates diversification can
then be fused to a tethering factor that binds to the cis-regu-
latory element, thereby tethering the diversification factor to
the region that controls expression of the target gene. The B
cell can be a chicken DT40 B cell or other vertebrate B cell,
with a human B cell or a chicken D140 B cell contaiming
humanized immunoglobulin (Ig) genes (in which human IgH
and Igl. replace chicken IgH and Igl.) preferred for some
embodiments.
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B cells are natural producers of antibodies, making them an
attractive cell for production of both improved antibodies and
improved non-immunoglobulin proteins and polypeptides.
DT40 B cells are an effective starting point for evolving
specific and high affinity antibodies by iterative cycles of
hypermutation and selection (Cumbers et al., 2002; Seo et al.,
2003). DT40 cells have several advantages over other
vehicles tested for this purpose. D140 constitutively diversi-
fies 1ts Ig genes 1n culture, and targets mutations to the CDRs
of the expressed antibody molecules. D140 proliferates more
rapidly than human B cell lines (10-12 hr generation time,
compared to 24 hr); clonal populations can be readily 1solated
because cells are easily cloned by limiting dilution, without
addition of special factors or feeder layers; and DT40 carries
out efficient homologous gene targeting (Sale, 2004), so spe-
cific loci can be replaced at will allowing one to manipulate
factors that regulate hypermutation.

The mvention provides a novel platform for generating
high affinity antibodies. In one embodiment, the vehicle for
antibody evolution 1s a B cell line, D140, which naturally
produces antibodies, and which has been engineered to make
immunoglobulin gene hypermutation accelerated and induc-
ible. Like other B cells, DT40 expresses antibodies on the cell
surface, allowing convenient clonal selection for high affinity
and optimized specificity, by fluorescence or magnetic-acti-
vated cell sorting. In the D140 cell line, hypermutation 1s
carried out by the same pathway that has been perfected over
millions of years of vertebrate evolution to Ig gene hypermu-
tation 1n a physiological context. This highly conserved path-
way targets mutations preferentially (though not exclusively)
to the complementarity-determining regions (CDRs), the

subdomains of the variable (V) regions that make contact
with antigen (FI1G. 1).

Thus far, the use of DT40 (and other cultured B cell lines)
for antibody selection has been limited because the rate of
hypermutation 1s very slow, about 0.1%-1% that of physi-
ological hypermutation. To accelerate hypermutation, key
regulatory sites and factors have been mampulated, taking
advantage of our current sophisticated understanding of the
molecular mechanisms of hypermutation.

Although chicken DT40 B cells offer many advantages, 1n
some embodiments it may be desired to use human B cells.
Alternatively, one can employ humanized Ig genes with the
chicken D140 B cells. By humamzing the DT40 immunoglo-
bulin genes, the utility of this platform for therapeutics can be
broadened, as the antibodies generated 1n the DT40 platform
could be used directly for treatment.

There 1s ample documentation of the utility of humanized
antibody genes, and a number of validated approaches for
humanization, as reviewed recently (Waldmann and Morris,
2006; Almagro and Fransson, 2008). Humamzation 1is
elfected by substitution of human Ig genes for the chicken Ig
genes, and this 1s readily done 1n D'T40 by taking advantage of
the high efficiency of homologous gene targeting. The sub-
stitutions are carried out by procedures analogous to those
described 1n the examples below to insert cis-regulatory ele-
ments, but using different targeting constructs that are
designed to modily distinct parts of the heavy and light chain
loc1. Substitution could produce DT40 derivatives that gen-
erate entirely humamzed antibodies, by swapping V(D)J and
C regions; or chimeric antibodies (humanized C regions but
not 'V regions). These replacements will not alter the adjacent
cis-regulatory elements or aifect their ability to accelerate
hypermutation. The conserved mechamsms that promote
hypermutation will target mutagenesis to the CDRs of
humanized sequences. The humanized line can thus be used
for accelerated development of human monoclonals 1n cell
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culture, providing a dual platform for rapid production of
useful antibodies for either therapeutic or diagnostic pur-
poses.

In addition, one can optimize antibody effector function by
C region replacement. Antibody-based immunotherapy 1s a
powerftul approach for therapy, but this approach thus far been
limited 1n part by availability of specific antibodies with use-
tul effector properties (Hung et al., 2008; Liu et al., 2008).
The constant (C) region of an antibody determines effector
function. Substitutions of either native or engineered human
C regions can be made by homologous gene targeting 1n the
DT40 vehicle to generate antibodies with desired effector
function.

Target Genes

Typically, the target gene comprises a promoter and a cod-
ing region. The coding region of the target gene 1n the B cell
of the invention can be one that encodes any protein or peptide
of interest, and need not comprise a complete coding region.
In some embodiments, a particular region or domain 1s tar-
geted for diversification, and the coding region may option-
ally encode only a portion that includes the region or domain
of interest.

In one embodiment, the target gene comprises an 1mmu-
noglobulin (Ig) gene, wherein the Ig gene comprises an Ig
gene enhancer and coding region. The Ig gene can be all or
part of an Igl. and/or IgH gene. The coding region can be
native to the Ig gene, or a heterologous gene. In some embodi-
ments, the target gene 1s or contains a non-Ig target domain
for diversification, as well as domains permitting display of
the gene product on the B cell surface, including a transmem-
brane domain and a cytoplasmic tail.

Cis-Regulatory Element

The cis-regulatory element provides a landing pad 1n the
region that controls expression of the target gene. This land-
ing pad provides a place to which a tethering factor can bind
in a sequence-speciiic manner to this region of the DNA. A
variety of molecules can be used as cis-regulatory elements,
so long as the element serves the landing pad function of
providing a place to which a tethering factor (a sequence-
specific DNA binding protein) can bind to the DNA and bring,
a diversification factor, fused to the tethering factor, into
suificient proximity of the coding region so that diversifica-
tion of the coding region 1s capable of reversible regulation. In
a typical embodiment, the cis-regulatory element 1s a poly-
merized Lactose operator (LacQO). In one embodiment, the
clement comprises about 80-100 repeats of LacO. In another
embodiment, the cis-regulatory element 1s a tetracycline
operator (TetO).

Tethering & Diversification Factors

A tethering factor 1s one that binds to the cis-regulatory
clement 1n a sequence-specific manner. In some embodi-
ments, regulation of diversification 1s achieved by using a
tethering factor characterized by regulatable binding to the
cis-regulatory element. In the embodiments 1n which LacO
serves as a cis-regulatory element, the Lac repressor, Lacl,
can serve as the tethering factor, and its binding to the cis-
regulatory element, LacO, can be regulated by 1sopropyl-[3-
D-thio-galactoside (IPTG). In the absence of IPTG, Lacl
binds LacO and diversification 1s accelerated (or otherwise
regulated) by the presence of the diversification factor. IPTG
can be added 1n the event that a halt or reduction 1n activity of
the diversification factor 1s desired, thereby making the
mutagenesis process a reversible one. In embodiments in
which TetO serves as the cis-regulatory element, TetR can be
a suitable tethering factor, and the activity of the diversifica-
tion factor can be regulated by tetracycline or doxycycline.
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A diversification factor 1s one that enables modulation of
mutagenesis 1n the B cell. The examples below describe the
cifects of tethering and releasing several regulatory factors.

One, the heterochromatin protein HP1, accelerated hypermus-
tation 5.6-fold (Example 4); another, E47-Lacl (E47 1s one
1soform of the E2 A regulator, critical to B cell development),

accelerated hypermutation 4.5-fold (Example 3); and two
other modifiers of chromatin structure accelerated hypermus-

tation 8.4-1fold and 11.0-fold (FIG. 2). In addition, a tethering,
site has been targeted to the expressed Ig heavy chain locus.
Dual regulation of hypermutation at IgH and Igl. can accel-
crate hypermutation from 25- to 100-fold, enabling rapid
production of new antibodies.

Diversifying immunoglobulin genes move within the
nucleus 1n the course of cell cycle, and this movement 1s
correlated with and necessary for diversification. Tethering to
the nuclear pore by expression of NP153-Lacl in D140 Poly-
LacO-A cells (using methods described 1n the examples
below) accelerates diversification 5.7-fold. This result pre-
dicts that other factors that regulate gene position also regu-
late diversification, including other nuclear pore proteins and
other factors that determine or regulate gene position in the
nucleus.

Chromatin structure regulates diversification as well. The
data 1n Example 4 show that expression of the heterochroma-
tin protein HP1 fused to Lacl accelerates diversification and
that this effect 1s reversible by IPTG. This finding has been
extended to the histone chaperone, HIRA.

Regulators of gene expression or function also serve as
diversification factors. Example 3 below shows that expres-
sion of the regulatory factor E2A (expressed as the E47 1s0-
form, as a Lacl fusion) accelerates diversification, and that
this etlectis reversible by IPTG. The VP16 regulatory domain
from herpes virus accelerates diversification, and that this
elfect 1s reversible by IPTG.

Deamination also accelerates mutagenesis, but 1t 1s not
inducible. AID 1s the B cell-specific DNA deaminase that
initiates Ig gene diversification. Example 2 below shows that
tethering AID (AID-Lacl) in DT40 PolyLacO-A promotes
mutagenesis, but that IPTG does not overcome this effect.
Thus, 1t appears that mutagenic affects are genome-wide,
making this factor unsuitable without further modification.

In some embodiments, the diversification factor 1s a tran-
scriptional regulator, a heterochromatin-associated protein, a
histone chaperone, a chromatin remodeler, a component of
the nuclear pore complex, a gene regulator or a combination
thereof. Other molecules that can serve as a diversification
factor include, but are not limited to, a DNA repair factor, a
DNA replication factor, a resolvase, a helicase, a cell cycle
regulator, a ubquitylation factor, a sumoylation factor, or a
combination thereof. In one embodiment, the transcriptional
regulator 1s VP16 or E477. A typical heterochromatin-associ-
ated protein for use as a diversification factor 1s HP1. A
representative histone chaperone 1s HIRA.

TABL.

1

(L]

Representative Diversification Factors

Transcriptional activators

VP16
E47
E12
Myc
c-Los
c-Jun
BACH
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TABL.

BATEF
BLZF1
C/EBP
CREB
CREM
DBP
DDIT3
GABPA
HLF
MAF
NFE
NRL
NRF1
XBP1
ATOH1
AhR
AHRR
ARNT
ASCL1
BHLHB?2
BMAL
CLOCK
EPAS1
HAND
HES
HEY
HIF

)
LYL1
MXD4
MYCL1
MYCN
MyoD
NeuroD
NPAS
OLIG
TALI
Twist
Apetala 2
EREBP
B3
ARID
USF1
MAX
MITF
MNT
MLX
MXI1
SREBP
AP-2
CAR
FXR
LXR
PPAR
PXR
RAR
ROR
Rev-Erb A
HNF4
PNR
RXR
NUR
(GCNF
DAX1
GATA
ATBF1
CTCF
E4F1
EGR
ERV3
ATBF1
BCL
CTCF
E4F1
EGR
ERV3

TFIA
THFIB

14
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Representative Diversification Factors
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Representative Diversification Factors

TFIID
TFIIE
TFIIF
TFIIH

GFI1

HIC

HIVEF
IKZF

ILF

CAP

IFI

MLL
MNDA
KLF

MTF1
MYT1
OSR1

Spl

Zbtb7

ZB1
HIVEP1
AIRE
DIDO1
GRLF1

ING

JARID
IMIDI1B
ARX

CDX

CRX
CUTL1
DLX

EMX?2

EN

FHL

ESX1
HHEX

HILX
Homeobox
(Al, A3, A4,
AS,

AT, A9, A10,
All,

Al3, Bl,
B2, B3,

B4, B35, B6,
B7,

B8, B9, B13,
C4,

C5, C6, C§,
C9,

C10, C11,

C13, D1, D3,

D4, D&, D9,
D10, D11,
D12, D13)
HOPX
MEIS

NFI

NEFY
Rho/S1gma
R-SMAD
MEOX?2
MNX1
MESX
NANOG
NKX

PHF

POU domain
proteins
OTX

PDX

PAX

E2F (1-3)
FOX
proteins

HSE
ELF
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TABL.

Representative Diversification Factors

EGF
ELK
ERF
ERG
ETS
ETV
FLI1
MYB
MYBIL2
NF-KB
NFAT
STAT
Mef2
SRF
HNF (1A,
1B)
LEF1
SOX
SRY
SSRP1
CSDA
YBX1
CBF
HMGA
HBP1
Rb
RBIL.1
RBI1.2
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H 1 -continued

Heterochromatin-
associated proteins

HP1 a
HP1b
HPlc

Histone chaperones

Polycomb proteins
Trithorax proteins

HIRA
ASFla
ASFb
CAF1
Spto

Chromatin
remodelers

Nucleolin
Rtt106
NAP1
NAP2

DNA repair

BRG1
BAF
PBAF
BRM

Rd h54
XRCC3
FANCD?2
FANCI
CtIP
Rad54
Rad51
BRCAI
BRCA?
RADS1B
RADSIC
RADS1ID
XRCC?2
DMC1
RADS?
RecA
RecB
RecC
RecD

MRET1
RADS0
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TABLE 1-continued

Representative Diversification Factors

XRS2/NBS1
KU70

KURO

SAE2
DNA-PK
DNA Ligase
1V

UNG

HAPI1

APE1

DNA
polymerase
b

DNA Ligase
I

XRCC1
PARP

XPA

XPB

XPC

XPD

XPE

XPF

XPG

CSA

CSB

XPV
EndoV
MSH?2
MSH3
MSHS5
MSHG6
MLHI
PMS2
EXO1
POLH
POLI

REV1
POLQ
DNA Replication

PCNA

RPA

Smcl

Smc3
Rad21/Mcdl/Scel
Stromalin/Scc3
Scc’

Sccd

Pds5

Ecol

Rec®
Resolvases and
Helicases

RuvC
RusA
RuvB
RuvC
RecQ
hRECQ5
WRN
BLM

S182
hRECQ1/L
RTS/hRECQ4

Cell cycle
regulators

CHK1
CHK?2
P33
p27
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TABLE

Representative Diversification Factors

Gene
Regulation

CARMI
HASPIN
MLL1
MLIL2
MLL3

MLL4
JHDM?a
JHDM?2b
AuroraB
CBP/p300
EZH?2

MSK1

MSK?2

FPR4

NSD1

MLL5

SET1A
SET1B
SET7/9

ASHI1
LSD/BHCI110
PRMTS5
SUV39H1
SMYD?2
SET?2
JHDM1a
JHDM1b

Sc RTT109
DOT1

CKII

PRMT4
PRMTS5
SUV39H?2
SETDBI/ESE
T
EuHMTase/GL
P

GYa

CLLY

RIZ1

HBO1

Sc HAT1
TIP60

HOB1

Sc ESAL
SIRT?2

SIR2
SUV4-20H1
SUV4-20H2
PCAF

(GCNS5
IMD2A/THDM
3A

IMJD2B
IMID2C/GAS
Cl

IMI2D2D
PR-SET7/8
SET9
Bmi/RinglA
MSTI1
RNF20/RNF40
UbcH®6

18

1 -continued

Nuclear pore complex

Nupl53
Nup98
CRM1

other stable and dynamic

pore components
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TABLE 1-continued

Representative Diversification Factors
Ubiquitylation

El

E2

E3

265 proteasome
E6

VHL

MDM?2

BAPI1

BARDI1

CBL
SCEF/Skp2
Skpl
Cull/Cdc33
DUB

[AP

Cdc34

Rbx1
NEDD&/Rubl
SCEF/Grrl
SCEF/Met30
SCE/Fbw’7/hCdc4
Cuelp

Ubc7p

Ubcl p

CHIP
Hsp/c70/90
Parkin
NEDD4-2
Csnd

Sumoylation

Ubc9
SAE1/Aosl
SAE2/Uba2
SUMOLE?2
PIAS

Ulpl

Siz1

S1z2
SUMO E1
SUMO E3
Nse2 (Mms21)
Ulp2

Fusion Constructs

The tethering of a diversification factor to the cis-regula-
tory element 1s achieved via fusion of the diversification
factor to a tethering factor. Fusion constructs encoding this
combination of factors can be present 1n and expressed by the
B cell of the invention, and can also be provided separately, to
be added to the B cell at the desired time and upon selection
of the desired factors for a particular objective.

Fusion constructs may generally be prepared using stan-
dard techniques. For example, DNA sequences encoding the
peptide components may be assembled separately, and
ligated 1nto an approprniate expression vector. The ligated
DNA sequences are operably linked to suitable transcrip-
tional or translational regulatory elements. The 3' end of the
DNA sequence encoding one peptide component 1s ligated,
with or without a peptide linker, to the 3' end of a DNA
sequence encoding the second peptide component so that the
reading frames of the sequences are 1n phase. This permits
translation into a single fusion protein that retains the biologi-
cal activity of both component peptides.

A peptide linker sequence may be employed to separate the
first and the second peptide components by a distance suili-
cient to ensure that each peptide folds 1nto its secondary and
tertiary structures. Such a peptide linker sequence 1s 1ncorpo-
rated into the fusion protein using standard techniques well
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known 1n the art. Suitable peptide linker sequences may be
chosen based on the following factors: (1) their ability to
adopt a tlexible extended conformation; (2) their iability to
adopt a secondary structure that could interact with functional
regions on the first and second peptides; and (3) the lack of
hydrophobic or charged residues that might react with the
peptide functional regions. Preferred peptide linker
sequences contain Gly, Asn and Ser residues. Other near
neutral amino acids, such as Thr and Ala may also be used in
the linker sequence.

Methods and Uses of the Invention

The invention provides a method of producing a repertoire
of polypeptides having variant sequences of a polypeptide of
interest via diversification of polynucleotide sequences that
encode the polypeptide. Typically, the method comprises cul-
turing the B cell of the mvention 1n conditions that allow
expression of the diversification factor, wherein the target
gene of the B cell contains the coding region of the polypep-
tide of interest, thereby permitting diversification of the cod-
ing region. The method can further comprise maintaining the
culture under conditions that permit proliferation of the B cell
until a plurality of varnant polypeptides and the desired rep-
ertoire 1s obtained. Because the B cells express the polypep-
tides on the external surface, the nature and extent of the
repertoire can be determined. The repertoire can then be used
for selection of polypeptides having desired properties.

In another embodiment, the invention provides a method of
producing B cells that produce an optimized polypeptide of
interest. The method comprises culturing a B cell of the
invention in conditions that allow expression of the diversifi-
cation factor, wherein the target gene of the B cell contains the
coding region of the polypeptide of interest, and wherein the
B cell expresses the polypeptide of interest on its surface. The
method further comprises selecting cells from the culture that
express the polypeptide of interest on the B cell surface by
selecting cells that bind a ligand that specifically binds the
polypeptide of interest. These steps of culturing and selecting
can be repeated until cells are selected that have a desired
aifinity for the ligand that specifically binds the polypeptide
ol interest. The evolution of antibody specificities during
expansion of a B cell clone 1s illustrated in FIG. 3. Selection
ol a population that initially expresses multiple specificities
(top lett) successively enriches for a desired specificity (cen-
ter) and higher atfinity (bottom right).

In embodiments in which the polypeptide of interest 1s an
Ig, such as an Igl., IgH or both, the ligand may be a polypep-
tide, produced by recombinant or other means, that represents
an antigen. The ligand can be bound to or linked to a solid
support to facilitate selection, for example, by magnetic-
activated cell selection (MACS). In another example, the
ligand can be bound to or linked to a fluorescent tag, to allow
for or fluorescence-activated cell sorting (FACS). Those
skilled in the art appreciate that other methods of labeling and
selecting cells are known and can be used in this method.

The methods of the invention can further comprise adding,
a regulatory molecule to the culture, wherein the regulatory
molecule modulates binding of the tethering factor to the
cis-regulatory element, thereby modulating diversification of
the coding region. In the examples discussed above, IPTG,
tetracycline and doxycycline serve as the regulatory mol-
ecules. Those skilled 1n the art are aware of other regulatory
molecules that can be used with a particular tethering factor to
regulate diversification activity.

The regulatory molecule can modulate the diversification
of the coding region 1n a variety of ways. For example, 1n
some embodiments, the regulatory molecule 1s added to the
culture to effect modulation, and the modulation can result in
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reducing or halting diversification, or 1n enhancing or accel-
erating diversification, depending on whether the particular
regulatory molecule 1s one that increases or decreases binding,
ol the tethering factor to the cis-regulatory element, and on
whether that particular change 1n binding has the effect of
increasing or decreasing diversification activity. In other
embodiments, the modulation, be 1t reduction, halt, enhance-
ment or acceleration of the modulation, 1s effected by remov-
ing or eliminating the regulatory molecule from the culture.
Likewise, modulation of diversification can be efiected by
adding a gene to or eliminating a gene from the B cell, or by
increasing or diminishing the expression of a gene 1n the B
cell. One skilled 1n the art can readily appreciate all of the
available permutations set forth above, each of which has the
elfect of altering the level or presence of a regulatory mol-
ecule 1in the B cell, and 1n turn, altering the tethering of the
diversification factor to the cis-regulatory element and
thereby altering the diversification activity.

Additional uses of the methods of the mvention include
inducible hypermutation of Ig gene targets at IgA. The D140
PolyLacO-A Lacl-HP1 cell line (see Example 4 below) can be
used for altering the sequence of any Ig gene downstream of
the VA pseudo-V array. The genomic structure at the Ig loci
has evolved to promote mutagenesis of the V region but not
the constant region of an Ig molecule. Altering Ig gene
sequence 1n the context of an Ig locus takes advantage of that
to ensure that the product of mutagenesis retains a functional
constant region. The ease of gene replacement 1n D140 per-
mits useful changes in that gene. For example, the chicken
gene (variable and constant region) could be replaced with a
human antibody gene (either heavy or light chain), to gener-
ate antibodies with therapeutic application. This can also be
used to generate therapeutic antibodies for other species. This
will provide a rapid system for mutagenesis of either only one
chain of a heterodimeric antibody; or for the single chain of
single chain antibodies.

Uses of this approach include: hypermutation to generate B
cell clones that produce high affinity Igs; hypermutation to
alter cross-reactivity of antibodies, while retaining recogni-
tion of a specific epitope; hypermutation to 1dentily V region
sequences with high affinity for specific compounds. This can
be done at only a single Ig locus, or both.

Inducible hypermutation can also be performed at IgH. The
IgH locus 1n DT40 1s an efficient site of mutagenesis, just like
Igl. Denivative cell lines, made by parallel techniques, permait
mutagenesis at both IgH and Igh, or at each allele separately.
Insertion of PolyLacO atIgH, to create the DT40 PolyLacO-A
PolyLacO-H LacIl-HP1 dernivative, permits hypermutation at
both H and L chain genes. Adding IPTG to the culture
medium releases some of the inhibitory effects that diminish
templated events and increase nontemplated hypermutation.
Thus, by varying the presence and absence of IPTG, one can
toggle back and forth between templated and nontemplated
mutagenesis of the genes that encode both chains of an anti-
body.

A derivative can be made that combines regulation with
IPTG of Lac Repressor (Lacl) at one allele with tetracycline
of Tetrepressor ('TetR ) regulation at the other allele. This TetR
derivative will permit independent regulation of diversifica-
tion at the IgH and Igl. alleles; and using different mecha-
nisms simultaneously to regulate diversification at the Igl
and IgH locus.

The invention also provides a vehicle for selection of T cell
receptors. T cell-based immunotherapy has great potential
(Blattman and Greenberg, 2004). T cell receptor specificity
and affinity 1s governed by CDR contacts (Chlewicki et al.,
2003). Accelerated inducible selection for specificity or high
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affinity T cell receptors can be carried out in a DT40 Poly-
LacO vehicle, which has been modified by substitution of T
cell receptors (V regions or entire genes) for the Ig loci.

Production of catalytic Igs 1s another aspect of the inven-
tion. The Ig-related methods of the invention are not simply
limited to the production of Igs for binding and recognition,
as the target Ig could also be used for catalysis. After devel-
opment of a stable molecule that mimics the transition state of
an enzymatic reaction, DT40 PolyLacO-A Lacl-HP1 cells
can be used to evolve an antibody that binds and stabilizes the
actual chemical transition state. After identifying clones that
produce an Ig capable of binding the intermediate, the system
can be used again to screen for catalytic activity of Igs on the
real substrate 1n culture. Once some activity has been dem-
onstrated 1n this system, optimization of activity can proceed
by further evolution of the Ig loci through mutagenesis. Thus,
invention does not require animal immunization (a slow step),
immortalization by hybridoma technology, and the ineifi-
ciency of later having to screen hybridomas for antibodies
that demonstrate catalytic activity.

Inducible hypermutation of non-Ig gene targets at Igh or
IgH 1s another aspect of the invention. The genomic structure
at the Ig loc1 has evolved to promote mutagenesis of 1-1.5 kb
downstream of the promoter. This system can be harnessed to
mutate short regions of genes. Clonal selection based on
surface protein expression can be incorporated by fusion of
the region of interest to a portion of a gene expressing ele-
ments that mediate surface expression. Exemplary elements
for surface expression include a signal peptide, transmem-
brane domain and cytoplasmic tail from a protein expressed
on the B cell surface (Chou et al., 1999; Liao et al., 2001).

The invention can also be used for the production of rec-
ognition arrays. The ability to evolve cells harboring recep-
tors with affimities for a large spectrum of antigens allows the
development of recognition arrays. Combining this technol-
ogy with intracellular responses/signaling from receptor
stimulation 1n DT40 (such as measurement of Ca2+ by
aequorin (Rider et al., 2003 ) or use of reporter gene transcrip-
tion) would create a usetul biosensor. Diversified clones
would be spotted into arrays or 96 well plates, and exposed to
samples. Each sample would yield a “fingerprint” of stimu-
lation. The arrays would permit qualitative comparisons of
biological/medical, environmental, and chemical samples.
Analysis need not be limited to the analysis of proteins, as 1s
the case for comparative techniques like 2D gels, since all
forms of compounds could have antigenic properties. Fur-
thermore, the arrays would lead to the identification of com-
ponents without knowledge of their presence beforehand.
Kits

For use in the methods described herein, kits are also
within the scope of the mvention. Such kits can comprise a
carrier, package or container that 1s compartmentalized to
recelve one or more containers such as vials, tubes, and the
like, each of the container(s) comprising one of the separate
clements (e.g., cells, constructs) to be used 1n the method.

Typically, the kit comprises a B cell of the invention and
fusion constructs that express the corresponding tethering
and diversification factors. For example, the B cell comprises
a cis-regulatory element operably linked to a target gene,
wherein the target gene comprises a promoter and a coding
region. The kit further comprises one or more containers, with
one or more fusion constructs stored 1n the containers. Each
fusion construct comprises a polynucleotide that can be
expressed 1n the B cell and that encodes a tethering factor
fused to a diversification factor, wherein the tethering factor
specifically binds to the cis-regulatory element of the B cell.
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The B cell can include a plurality of cis-regulatory elements
for use with a plurality of fusion constructs.

The kit of the invention will typically comprise the con-
tainer described above and one or more other containers
comprising materials desirable from a commercial and user
standpoint, including butters, diluents, filters, needles,
syringes, and package inserts with instructions for use. In
addition, a label can be provided on the container to indicate
that the composition 1s used for a specific therapeutic or
non-therapeutic application, and can also indicate directions

for use. Directions and or other information can also be
included on an insert which 1s included with the kit.

EXAMPLES

The following examples are presented to illustrate the
present invention and to assist one of ordinary skill in making,
and using the same. The examples are not intended 1n any way
to otherwise limait the scope of the mvention.

Example 1
Mutation and Targeting in the D140 B Cell Line

This example illustrates an embodiment of the mvention,
prepared 1n two steps.

(1) DT40 PolyLacO-A We first constructed this dertvative
of the chicken B cell line DT40 containing a genetic element
which allows regulation in cis at the IgA locus. In DT40
PolyLacO-A, a polymerized Lactose operator (LacO) 1is
inserted just upstream of the pseudo-VA array at the Igh light
chain locus. This 1s an extension of a system developed by
Straight and Belmont, in which PolyLacO consists of
approximately 80 repeats of the 20 bp LacO binding site
(Straight et al., 1996; Belmont, 2001). We have shown that
this does not affect the normal process of templated mutagen-
es1s. Construction of DT40PolyLacO-A 1s described 1n detail
in Example 2 below.

LacO 1s bound by Lactose repressor (Lacl) with very high
affinity: <107'#* M. This mechanism regulates expression of
the operon for metabolism of lactose 1 £. coli, and can also
be used 1n a variety of cellular contexts. We have shown that
Lacl binds to PolyLacO 1n DT40 PolyLacO-A, by generating
stable transfectants that express Lacl fused to fluorescent
protein (GFP, RFP, YFP or CFP), and showing by immunoi-
luorescence microscopy that bound protein can be imaged as
a single spot 1n the nucleus of normally proliferating D140

PolyLac stably expressing GFP-Lacl, RFP-Lacl, YFP-Lacl
or CFP-Lacl.

IPTG 1s a small molecule which causes release of Lacl
from LacO, both 1n vitro and 1n cultured cells. Culture of
DT40 PolyLacO-A GFP-Lacl with at little as 10 uM IPTG
causes release of GFP-Lacl from PolyLacO. Culture with
IPTG does not attect cell proliferation.

(2) DT40 PolyLacO-A Lacl-HP1. We next constructed this
derivative o D140 PolyLacO-A, 1n which a switch to somatic
hypermutation occurs when Drosophila melanogaster HP1
(from L. Wallrath, University of lowa), a modifier of chroma-
tin structure, 1s tethered to PolyLacO. Tethering was achieved
using the very well-characterized pair of cis- and trans-regu-
lators, E. coli LacO/Lacl. HP1 i1s a well-characterized non-
histone heterochromatin protein that functions 1n heterochro-
matic gene silencing and the spreading of heterochromatin,
and 1 Drosophila tethered Lacl-HP1 has been shown to
promote a closed chromatin structure and inactivation of
reporter genes neighboring a lacO repeat (L1 et al., 2003;
Danzer and Wallrath, 2004). We demonstrated that tethering
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HP1 caused a transition of the donor sequences from an open
to nonpermissive state, as measured by ChIP; and caused VA
to undergo mutagenesis by somatic hypermutation rather
than gene conversion. This 1s functionally equivalent to dele-
tion of the pseudo-VA array, which has been shown to cause
a switch from templated mutagenesis to somatic hypermuta-

tion (Arakawa et al., 2004). Further characterization of DT40
PolyLacO-A Lacl-HP1 1s documented 1n Example 4 below.

(3) DT40 PolyLacO-A VPl6-Lacl. We next used the
expression plasmid p3'ss-EGFP-VP16 (from A. Belmont;
University of Illinois) to tether VP16-Lacl to PolyLacO.
VP16 1s a strong activator of transcription, and 1t has been
demonstrated to recruit histone acetyltransierase complexes
(Tumbar et al., 1999). We demonstrated that tethering VP16
created a more permissive chromatin structure as measured
by ChIP; and caused VA to undergo mutagenesis by a stimu-
lation of gene conversion over wild-type levels.

Example 2

Acceleration of Mutagenesis by Tethering Genes to
the Nuclear Pore

We discovered that diversilying immunoglobulin genes
move within the nucleus 1n the course of the cell cycle, that
this movement 1s correlated with the steps 1n the diversifica-
tion pathway, and that diversification initiates at the nuclear
periphery. Activation Induced Deaminase (AID), the enzyme
that mnitiates diversification, carries a nuclear export signal
and 1s constantly transported out of the nucleus via the nuclear
pore, so 1ts concentrations may be higher at the periphery of
the nucleus. This suggested that it might be possible to accel-
erate diversification by increasing gene proximity to the
nuclear pore. We showed that this 1s the case by using a fusion
of the nuclear pore protein, Nup153, to Lac repressor (Lacl)
to tether the IgH locus in DT40PolyLacO to the nuclear pore.
We found that this accelerated the clonal diversification rate
5.7-told. Control experiments showed that tethering to Poly-
LacO was critical to acceleration of mutagenesis. This
method 1s a general one that depends on the AID nuclear
export signal and gene localization to promote mutagenesis
of a target. Thus this method can be extended to promote
mutagenesis of non-Ig genes in B cells, by tethering them to
the pore; and further extended to promote mutagenesis of
genes 1n non-B cells, by expressing AID 1n those cells.

Example 3

E2A Acts 1n Cis in G1 Phase of Cell Cycle to
Promote Ig Gene Diversification

This example describes cell cycle-dependent regulation of
Ig gene diversification in the nucleus. Rearranged Ig genes
undergo diversification 1n sequence and structure nitiated by
the DNA deaminase, AID. Ig genes must be transcribed for
diversification to occur, but whether there are additional
requirements for cis-activation has not been established. This
example shows, by chromatin immunoprecipitation, that the
regulatory factor E2A associates with the rearranged IgAR
gene 1n the chicken D140 B cell line, which carries out
constitutive Ig gene diversification. By direct imaging of a
DT40 derivative 1n which polymerized lactose operator tags
the rearranged AR gene, we show that AR/E2A colocaliza-
tions are most prominent in G1 phase of cell cycle. We further
show that expression of the E2A antagonist Id1 prevents
IR/E2A colocalizations 1mn G1 phase, and impairs diversifi-
cation but not transcription of AR (hereinbelow, the IghR
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gene 1s sometimes referred to as IgA or A). Thus, E2A acts 1n
c1s to promote Ig gene diversification, and G1 phase 1s the
critical window for E2 A action.

The regulated changes 1n genomic sequence and structure
that take place at the Ig loci reflect both targeting of DNA
damage to these genes, and escape from {faithiul repair.
Somatic hypermutation, class switch recombination and gene
conversion are all mitiated by the B cell-specific enzyme,
activation-induced deaminase (AID) (3-8). AID deaminates
cytosine to uracil, with clear preference for single-stranded
DNA (9-11). Transcription 1s prerequisite for diversification,
which may reflect preference of AID for single-stranded sub-
strates. Uracil in DNA 1s a common lesion, which can be
repaired faithfully by highly conserved and etficient path-
ways (12). However, the Ig loci can escape from faithiul
repair and undergo repair by error-prone pathways (13).

E2A, a member of the E family of bHLH proteins, 1s a
critical regulator of many aspects of lymphocyte develop-
ment (14-17). E proteins dimerize to bind to the E box motif,
CANNTG, and their function 1s antagonized by Id proteins,
which heterodimerize with E proteins to prevent DNA bind-
ing. E2A 1s induced 1n activated murine B cells, where 1t
regulates class switch recombination (18) as well as expres-
sion of the gene that encodes AID (19). In chicken B cells,
inactivation of the E2A gene impairs Igh gene diversification
but not transcription (20, 21); while, conversely, ectopic
expression of E47 (one of two functionally equivalent 1so-
forms encoded by E2A) promotes Igh gene diversification,
but does not affect IgA transcript levels (22).

The possibility that E2 A might regulate Ig gene diversifi-
cation by binding to sites 1n cis was first suggested by evi-
dence that multimerized E-boxes stimulate hypermutation
but not transcription of an Ig transgene 1 mice (23). This
possibility has been further supported by the demonstration
that multimerized E-boxes can promote Ig gene diversifica-
tion but not transcription 1n chicken B cells (24). However,
clear resolution of the question of whether E2A acts directly
at the Ig genes to promote diversification has been difficult,
for several reasons. E-boxes function as sites for E2 A-depen-
dent regulation only 1n specific contexts, so the presence of an
E-box does not guarantee E2A function at a site; the loose
consensus and frequent occurrence of E-box motifs precludes
mutational analysis of each individual site; and at some loci
E2A 1s recruited by protein-protein rather than protein-DNA
interaction, so an E-box 1s not always prerequisite for E2 A-
dependent regulation (25).

We have now established that E2A acts in c1s at the Ig genes
to promote diversification, 1n experiments which take advan-
tage ol derivatives of the constitutively diversifying chicken
B cell line, DT40, 1n which the rearranged Igh allele 1s tagged
with polymerized lactose operator (D140 PolyLacO-AR). By
chromatin immunoprecipitation (ChIP), we show that E2A
associates with the rearranged but not unrearranged Igh allele
in the parental line, DT40. This example demonstrates that, 1n
DT40 PolyLacO-AR cells, diversification 1s accelerated upon
expression of an E47-Lacl fusion protein, which efiectively
tethers E47 to AR; and that the stimulatory effect of E47-Lacl
expression 1s not evident in cells cultured with IPTG, so
binding 1n cis 1s necessary to promote diversification. By
direct imaging of the rearranged AR gene 1n DT40 PolyLacO-
AR GFP-Lacl cells, we show that AR/E2A colocalizations
predominate 1n G1 phase; and that expression of the E2ZA
antagonist, Idl, impairs diversification and diminishes
’R/E2 A colocalizations specifically in G1 phase, but does not
alfect A transcript levels or localization of AR to active tran-
scription factories. These results show that E2A acts 1n c1s 1n
(1 phase to promote Ig gene diversification.
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Materials and Methods
Cell Culture, Transtection, slgM Loss Assay and Cell Cycle
Analysis

The chicken bursal lymphoma line DT40 and 1ts derivative
DT40 PolyLacO-A, were maintained and transiected as
described (26, 27). The E47-Lacl expression construct was
generated by subcloning of E47 ¢cDNA from the S003 E47
plasmid (28) (provided by Cornelis Murre, Umversity of
California, San Diego, Calif.) into the p3'SS-GEFP-Lacl plas-
mid (provided by Andrew Belmont, University of Illinozis,
Urbana, Ill.). The Id1 expression construct (29) was provided
by Barbara Christy (University of Texas, San Antonio, Tex.).
The slgM-loss assay was carried out as described (26, 30),
and results compared using the Mann-Whitney U test with the
R software package (http://www.r-project.org). For cell-
cycle profiles based on DNA content, 1x10° exponentially
growing cells were suspended 1n 0.1% Triton X-100, treated
with 200 ug/ml RNase A and 50 ug/ml propidium iodide, and
analyzed as described (26).
ChIP Analysis

Chromatin was prepared and immunoprecipitated as
described (27, 31, 32); using anti-E2A antibody (ab11176;
Abcam) or control IgG. Semiquantitative PCR was per-
formed with FastStart Taqg DNA polymerase (Roche), using
previously described primers for VA, and VA, (27); and
primers S'-ATTGCGCATTGTTATCCACA-3' (SEQ ID NO:
1) and 5'-TAAGCCCTGCCAGTTCTCAT-3' (SEQ ID NO:
2) for ovalbumin (Ova). PCR products were quantitated with
ImageQuant software (Amersham). Enrichment was calcu-
lated as the ratio of the amplicon of interest to the Ova ampli-
con, normalized to the ratio from control IgG, e.g.: Enrich-
ment VA ,=(anti-E2A [VA/Ova])/ (I1gG [VAR/Oval).
RT-PCR and Western Blotting

For RT-PCR assays, AID and b-actin were amplified with
primers as described (7); and IgA transcripts with primers
S-GTCAGCAAACCCAGGAGAAAC-3' (SEQ ID NO: 3)
and S'-AATCCACAGTCACTGGGCTG-3' (SEQID NO: 4).
For Western blotting, whole cell lysates (350 ug) from D140
PolyLacO-A, RFP-Lacl and DT40 PolyLacO-A, RFP-Lacl
Id1 were resolved, and Id1 protein was detected with anti-1d1
antibody (JC-FL; Santa Cruz) using FluorChem HD2 (Alpha
Innotech).
Fluorescence Microscopy and Image Analysis

To image PolyLacO, DT40 PolyLacO-I,, cells were trans-
tected with the GFP-Lacl expression construct, p3'SS-GEFP-
Lacl (from Andrew Belmont, University of Illinois, Urbana,
I11.), which encodes Lacl engineered to contain SV40 nuclear
localization signals and lacking a sequence necessary for
tetramer formation (33); or 1ts dervative, RFP-Lacl, in which
GFP was replaced with RFP (DsRed-monomer; Clontech).
For immunostaining, cells (~3x10°) were deposited onto
glass slides using Cytospin3 (800 rpm, 4 min; Shandon), fixed
with 2% paratormaldehyde for 20 min, and stained as
described previously (26). Primary antibodies used were:
ant1-E2A (ab11176, 1:200; Abcam); anti-Pol II C-terminal
domain phosphorylated at Ser5 (ab3131, 1:500; Abcam).
Alexa Fluor 488- or 394-conjugated anti-IgG (Molecular
Probes) was used as secondary antibodies. Fluorescent
images were acquired using the DeltaVision microscopy sys-
tem (Applied Precision) and processed and analyzed with
soltWoRx (Applied Precision) and Imaris softwares (Bit-
plane). Fluorescent signals were sometimes partially rather
than completely overlapping, which may retlect the consid-
erable distance (~17 kb) between the PolyLacO-tag and the
VA region; both configurations were scored as colocalization.
Fraction of colocalization was analyzed with Pearson’s ?
test. Nuclear radi1 were calculated as the average of at least
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two mdependent measurements of diameter, divided by two.
Cell cycle dependence of mean nuclear radius was deter-
mined independently for each cell line, and proved to be
relatively 1nvariable. Standard values used to correlate
nuclear radius to cell cycle were: G1, r<4 um; G2, r=5.2 um.
Results
E2A Associates with the Rearranged but Not Unrearranged
Igh Gene

Despite the considerable evidence for the importance of
E2 A in Ig gene diversification, this factor had not been shown
to associate directly with the Ig genes. To test association of
E2A with Igh, we used anti-E2A antibodies to immunopre-
cipitate chromatin from the chicken DT40 B cell line. This
line was derived from a bursal lymphoma and carries out
constitutive diversification of both Ig heavy and light chain
genes by gene conversion. A search of the 11 kb chicken A
light chain locus 1dentified more than 50 matches to the E2A
consensus, CANNTG: 17 in the region between VA and
VA1, the most proximal of the upstream pseudogenes; 2 in
the matrix attachment region (MAR) 1n the J-C intron; and 6
in the 3' enhancer. In D140 B cells, the functional allele has
undergone VI recombination early in B cell development,
which deletes a 1.8-kb region to join the V and J segments,
while the mnactive A allele 1s unrearranged (FI1G. 4A), allow-
ing the two alleles to be readily distinguished by PCR. Fol-
lowing chromatin immunoprecipitation (ChlP), recovery of
the rearranged and unrearranged A alleles was assayed rela-
tive to a control gene, ovalbumin. This showed that E2 A was
17.6-fold enriched at the rearranged VAR allele, but not
enriched at the unrearranged VAU allele (FI1G. 4B). Thus E2A
associates directly with the rearranged VAR allele.
E2A Acts 1n Cis to Regulate Igh Diversification

To ask 11 E2A must bind 1n c1s to promote diversification,
we took advantage of a derivative of D140, DT40 PolyLacO-
AR, 1n which polymerized lactose operator has been mserted
in the YVA array by homologous gene targeting (FIG. 5A),
allowing factors expressed as fusions with lactose repressor
(Lacl) to be tethered to the rearranged AR allele and released
by culture with IPTG (27). Cell cycle distribution and clonal
rates of Ig gene conversion were comparable 1n DT40 Poly-
LacO-AR and wild-type DT40 (FIG. 5B, C). DT40 Poly-
LacO-AR cells were stably transtected with a plasmid
expressing the E47 1soform of E2A fused to Lacl (E47-Lacl),
or a control plasmid expressing green fluorescent protein
tused to Lacl (GFP-Lacl). Cell cycle distribution was com-
parable 1n GFP-Lacl and E4’/7-Lacl transfectants, although
cultures of the latter line contained some sub-G1 (apoptotic)
cells (FIG. 5D). Levels of IgA transcripts were unaltered in the
E4’7-Lacl transiectants (FIG. 5E), confirming published
results showing that E2 A does not regulate Ig gene expression
in chicken B cells (21, 22). Levels of AID transcripts were
approximately 3-fold higher 1n the E47-Lacl transfectants
(FIG. 5E). A stmilar increase in AID expression inresponse to
ectopic expression of E47 has been observed by others (22).

To ask if E2 A regulates diversification directly, via binding,
to Igh, we cultured independent E47-Lacl (n=19) or GFP-
Lacl (n=13) transfectants in the presence and absence of
IPTG, and determined clonal diversification rates using the
slgM loss fluctuation assay (26, 27, 30). This assay scores
inactivating mutations regardless of whether they occur by
gene conversion, point mutation, deletion or msertion, and
thus quantitates mnitiating events mndependent of the outcome
of mutagenesis. This analysis showed that the clonal rate of
diversification was 4.5-fold higher 1n E4’/-Lacl transiectants
relative to GFP-Lacl controls (P=0.019, Mann-Whitney U
test; F1G. 5F). Moreover, culture with IPTG, which releases
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return almost to background levels 1n DT40 PolyLacO-AR
E4’/-Lacl cells, but had no etfect on GFP-Lacl controls (FIG.
5F). Thus E47-Lacl promotes diversification by acting 1n cis.
E2A Localizes to IgAR 1n G1 Phase of Cell Cycle

In human B cells, receptor crosslinking 1n G1 phase of cell
cycle can mitiate somatic hypermutation, producing identifi-
able mutations within 90 minutes (34 ). Thus it was of interest
to determine the stage of cell cycle in which E2A acts at Iga.
The rearranged and diversitying AR gene can readily be
imaged as a bright dot in DT40 PolyLacO-AR cells express-
ing GFP-Lacl (27). However, when cells were stained with
Hoechst 33342 and sorted by DNA content to enrich for cells
in G1, S, or G2/M stage, the fraction of cells exhibiting a clear
fluorescent signal from the tagged gene diminished from the
90-95% routinely observed in unsorted cells to approxi-
mately 45%. As such a loss 1n signal could bias results, we
therefore determined cell cycle stage by a different approach.
Analysis of Hoechst 33342-stained and sorted cells showed
that nuclear size was significantly smaller in G1 phase than in
G2/M phase cells (e.g. FIG. 6A). We therefore asked 1f
nuclear radius (r) could be used to establish the stage of cell
cycle, by measuring nuclear radii of G1 cells (n=535) and G2
cells (n=55) from an exponentially growing DT40 PolyLacO-
AR population which had been stained with Hoechst 33342
and sorted based on DNA content. Mean nuclear radi1 of G1
cells was 3.8+0.3 um; and of G2 cells, 5.4+0.5 um (FIG. 6B).
Comparison of the ratios of G1:5:G2 cells as determined by
nuclear radius (3:6:1) and staiming (2.7:5.5:1.7) further vali-
dated this approach. Thus, G1 cells were 1dentified experi-
mentally as r<4 um; and G2 cells, r=>5.2 um.

Colocalizations of AR/E2A were readily identified by
deconvolution microscopic analysis of DT40 PolyLacO-AR
GFP-Lacl cells stamned with anti-E2A antibodies (e.g. FIG.
7A). AR/E2A colocalizations were evident 1n 26% of asyn-
chronous cells (n=227). Analysis of the cell cycle distribution
of colocalizations showed that 45% of AR/E2A colocaliza-
tions occurred 1 G1 phase, 38% 1n S phase, and 17% 1n G2
phase cells (FIG. 7B). Thus, there was an apparent excess of
IR/E2A colocalizations 1n G1 phase (45%) relative to the
fraction (25%) of G1 phase cells (P<0.0001, 2 test).

We also determined the cell cycle-dependence of AR tran-
scription, 1dentifying active transcription factories by stain-
ing with antibody to phosphorylated Ser3 1n the C-terminal
domain of RNA polymerase II (P*-Pol II), a modification
characteristic of elongating Pol II molecules (35). In asyn-
chronous cell populations of DT40 PolyLacO-AR RFP-Lacl
cells, numerous active transcription factories could be 1den-
tified throughout the nucleus, and AR/P*-Pol II colocaliza-
tions were readily observed 1n 19% of cells (n=392; e.g. FIG.
7C). Analysis of the cell cycle distribution of AR/P*-Pol 11
colocalizations showed that 21% of colocalizations occurred
in G1 phase; 58% 1n S phase; and 21% 1n G2 phase cells (FIG.
7D). This 1s comparable to the cell cycle distribution. Thus,
AR 1s transcribed throughout the cell cycle, but AR/E2A colo-
calizations predominate 1n G1 phase.

Id1 Expression Inhibits Ig Gene Diversification and AR/E2A
Colocalizations 1n G1 Phase

To ask 1T AR/E2 A colocalizations in G1 phase are critical to
diversification, we determined the effect of Id expression on
these colocalizations. Id antagonizes E2 A, and expression in
DT40 B cells of Id1 or Id3 has previously been shown to
diminish Ig gene diversification (22). We generated stable
DT40 PolyLacO-AR RFP-Lacl Id1 transfectants, confirmed
Id1 expression by Western blotting (FIG. 8A), and showed
that Id1 expression did not alter the cell cycle profile (FIG.
8B). We verified that 1d1 expression dimimished the clonal

rate of Ig gene diversification (P<t0.001, Mann-Whitney U
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test; FIG. 8C); but did not affect levels of IgA or AID tran-
scripts (FI1G. 8D). We then compared AR/E2 A colocalizations
in the Id1-expressing derivative and parental line, by staining

with anti-E2 A antibodies. AR/E2 A colocalizations were evi-
dent in 13% of asynchronous DT40 PolyLacO-AR RFP-Lacl

Id1 cells (n=90), compared to 26% of D140 PolyLacO-AR
RFEP-Lacl cells (P=0.0030, 2 test).

To determine whether Id1 expression affected colocaliza-
tions 1n a specific stage of cell cycle, AR/E2A colocalizations
in the Idl transiectants were quantified with respect to
nuclear radius and cell cycle. This showed that, in DT40
PolyLacO-AR RFP-Lacl Id1 cells, 10% of colocalizations
occurred 1n G1 phase; 58% 1n S phase; and 32% 1n G2 phase
cells (FIG. 8E). Thus, Id]l expression caused a significant
decrease in the fraction of AR/E2A colocalizations 1n G1
phase, from 45% 1n the parental line to 10% 1n Id1 transfec-
tants (P<0.0001, %2 test; FIG. 8E); and 90% of AR/E2A
colocalizations 1n Id1 transfectants occurred after G1 phase
of cell cycle. Taken together with diminished diversification
evident in Id1 transiectants, this shows that G1 phase 1s the
critical window 1n which E2ZA promotes diversification.

AR/P*-Pol 11 colocalizations were identified in 18% of
DT40 PolyLacO-AR RFP-Lacl Id1 cells stained with anti-
bodies to active transcription factories (n=290), comparable
to the parental line (19%, P=0.80, %2 test; F1G. 7D). The cell
cycle profile of AR/P*-Pol II colocalizations was also com-
parable 1n Id1 transfectants and the parental line (FIG. 8F).
The absence of effect of Idl expression on AR/P*-Pol II
colocalizations 1s consistent with undiminished transcript
levels mn DT40 PolyLacO-AR RFP-Lacl Id1 transfectants
(FIG. 8D). Thus, Id1 expression aflects the cell cycle distri-
bution of colocalizations of AR with E2A, but not with P*-Pol
I1.

Discussion

These results show that E2ZA must act 1n c1s to promote Ig
gene diversification, and that G1 phase 1s the critical window
in which E2 A functions 1n this process. The experiments have
examined A genes tagged with PolyLacO and imaged by
binding to GFP-Lacl or RFP-Lacl. This provides a powertul
approach for studying gene diversification. The tagged locus
1s visible 1n >90% of fixed cells, enabling analysis of colo-
calizations with factors involved 1n diversification. The abil-
ity to tether potential regulators and release by culture with
IPTG makes 1t possible to study the effects of a factor at the
Igh locus independent of 1ts other targets. This 1s especially
usetul for a factor like E2A, which functions at the top of a
large and complex regulatory hierarchy (36).

The results establish that E2A directly regulates Ig gene
diversification by physical association with the Ig loci1. ChIP
provided clear evidence for association of E2A with the rear-
ranged AR allele 1n DT40 B cells. That E2 A must function in
c1s was established by showing that the acceleration in diver-
sification resulting from tethering E2A (E47-Lacl fusion) to
the IgA allele 1n DT40 PolyLacO-AR cells was not evident in
cells cultured with IPTG, which releases Lacl from LacO.

E2A 1s best-known as a transcriptional regulator, but E2ZA
function in diversification does not retlect transcriptional acti-
vation at Igh, as levels of IgA transcripts were not altered by
ectopic expression of E47. This confirms results of others
who have examined the effects of E2A on diversification in
chicken and murine B cells (20, 22, 23). In addition, colocal-
izations of AR with E2A, which are most prominent 1n G1
phase, distinct from the cell cycle distribution of AR to active
transcription factories, which 1s comparable to cell cycle dis-
tribution, suggesting that AR 1s transcribed throughout the
cell cycle. The independence of E2A function in diversifica-
tion and transcription is further supported by the contrasting,
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elfects of Id1 expression on colocalizations of the rearranged
AR with E2ZA and active transcription factories. Id1 expres-

sion diminished diversification, and also diminished colocal-
izations of AR with E2A. In contrast, Id1 expression did not
alfect the number or cell cycle distribution of localization of
AR to active transcription factories. That E2 A 1s not required
to recruit AR to transcription factories 1s consistent with the
absence of effect of Id1 expression on transcription.

E2A does regulate AID expression, and this indirectly
stimulates Ig gene diversification. The AID gene was shown
to be a target of transcriptional regulation by E2A 1n murine
B cells (19); and we and others (22) have shown that ectopic
expression of E2A 1ncreases AID transcript levels in D140
chicken B cells. This may contribute to or account for the
modest acceleration in diversification evident i IPTG-cul-
tured D140 PolyLacO-AR E47-Lacl cells. While E2A abla-
tion has been reported not to diminish AID transcript levels in
chicken B cells (21), factors redundant with E2A might
ensure a minimum level of AID expression 1n the absence of
E2A.

The results 1dentity G1 phase as the critical window 1n
which E2A functions at Igh. We observed an excess of
’R/E2A colocalizations 1n G1 phase, relative to other stages
of cell cycle; and showed that Idl expression specifically
diminishes colocalizations 1n G1 phase, and decreases the
diversification rate. Id proteins heterodimerize with E pro-
teins to mhibit DNA binding (14). That colocalizations dur-
ing G1 were specifically atlected by Id1l expression may be
indicative of distinct modes of E2A association with Igi
during cell cycle. In S and G2 phases, E2A may be recruited
via interactions with other proteins, rather than by direct
binding to DNA.

Additional lines of evidence support the view that diversi-
fication 1s in1tiated 1n G1 phase. Somatic hypermutation in the
human BL2 cell line can be induced by in vitro stimulation
that takes place only during G1 phase, and point mutations
first become evident within 90 minutes of stimulation, when
cells are still 1n G1 (34). In murine B cells activated for class
switch recombination, IgH colocalizations with NBS1 or
v-H2AX, participants in the switch recombination pathway,
are prominent in G1 phase (37); and DNA breaks at the S
regions can be detected 1n G1 phase (38). DNA breaks have
also been 1dentified 1n later stages of cell cycle 1 hypermu-
tating human B cell lines (39), but these proved to be AID-
independent (40).

E2A may function in G1 phase to prepare a locus for events
that occur later 1n cell cycle, or even during a subsequent cell
cycle. E2ZA has been recently implicated 1n maintenance of
histone H4 acetylation (21), and it 1s possible that E2 A func-
tions to establish a local chromatin environment favorable to
AID attack or effective diversification in daughter cells.
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Example 4
Chromatin Structure Regulates Gene Conversion

This example 1llustrates how chromatin structure contrib-
utes to the use of homologous sequences as donors for repair
using the chicken B cell line D140 as a model. In DT40,
immunoglobulin genes undergo regulated sequence diversi-
fication by gene conversion templated by pseudogene donors.
We have found that the VA pseudogene array 1s characterized
by histone modifications associated with active chromatin.
We have directly demonstrated the importance of chromatin
structure for gene conversion, using a regulatable experimen-
tal system in which the heterochromatin protein, HPI,
expressed as a fusion to Lac repressor, 1s tethered to polymer-
1zed lactose operators integrated within the pseudo-V A donor
array. Tethered HP1 diminished histone acetylation within
the pseudo-VA array, and altered the outcome of VA diversi-
fication, so that nontemplated mutations rather than tem-
plated mutations predominated. Thus, chromatin structure
regulates homology-directed repair. These results suggest
that histone modifications may contribute to maintaining,
genomic stability by preventing recombination between
repetitive sequences.

This example uses the following abbreviations: AcH3,

acetylated histone H3; AcH4, acetylated histone H4; AID,
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activation-induced deaminase; DSB, double-strand break;
GFP, green fluorescent protein; Ig, 1mmun0globu11n MRN,

MRE11/RADS50/NBS1; NHEJ, nonhomologous end-join-
ing; V, variable; UNG, Uracﬂ DNA glycosylase; AP, abasic;
PolyLacO, polymerlzed lactose operator; ChlIP, chromatm
immunoprecipitation; Ova, ovalbumin; LOH, Loss of het-
CrozZygosity.

Materials and Methods

Chromatin Immunoprecipitation (ChIP).

ChIP was carried out as previously described [48,89]. For
all experiments at least two chromatin preparations from at
least two independent stably-transfected lines were analyzed.
Figures present one representative experiment in which
results from analysis of four separate amplifications were
used to calculate a standard deviation. Four separate ampli-
fications of serial dilutions of template DNA were carried out,
to establish that the measured product intensities were within
the linear range. Enrichment of the experimental amplicon
was normalized to enrichment of an 1nternal control amplicon
from the ovalbumin (Ova) gene, amplified 1n the same tube by
duplex PCR; and enrichment upon ChIP with specific anti-
bodies was normalized to parallel experiments 1n which ChIP
was carried out with total input DNA controls. Inclusion of
the Ova internal control amplicon enabled us to normalize for
IP efficiency, background carryover, and differences in gel
loading. Enrichment=[(VA/Ova)Ab]/[(YVA/Ova)lnput].
As an additional control, the ratio of the experimental and
control amplicons in the total input control was compared to
a control ChIP with polyspecific IgG; 1n all cases, enrichment
in mput and IgG controls were essentially equal. Data are
presented for representative experiments; standard deviations

were calculated from four separate amplifications of serial
dilutions of template DNA.

Antibodies used were: anti-AcH3 (06-599), anti-AcH4
(06-866), and dimethylated H3(K4) (07-030) from Upstate
(Lake Placid, N.Y.). PCR primers for ChIP were: VA ,: 5'-GC-
CGTCACTGATTGCCGTTTTCTCCCCTC-3' and
S-CGAGACGAGGTCAGCGACTCACCTAGGAC-3";
region between PVAI and VA: 5'-CTGTGGCCTGTCAGT-
GCTTA-3' and 5-GCAGGGAACCACAAGAACAT-3;
PVAL: 5'-GGGACTTGTGTCACCAGGAT-3' and 5'-CG-
CAGTCACATGTGGAATATC-3";,  YPYVAS: S'-GAGC-
CCCATTTTCTCTCCTC-3"'and 3'-GAGATGTGCAGCAA-
CAAGGA-3"; YyVAlI3: 5-CCCTCTCCCTATGCAGGTTC-
3" and S'-CCCCTATCACCATACCAGGA-3'; YPYVAS:
SSCCATTTTCTCCCCTCTCTCC-3" and 5'-TCACCCTA-
CAGCTTCAGTGC-3"; PYVA24: S-CCATTTTCTC-
CCCTCTCTCC-3" and 5'-CAGCCCATCACTCCCTCTTA-
3 YVA2S: S-TCTGTTGGTTTCAGCACAGC-3'  and
S-GCAGTTCTGTGGGATGAGGT-3"; YVA  upstream
flank: 35'-GGCTCCTGTAGCTGATCCTG-3"' and 5'-GT-
TCTTTGCTCTTCGGTTGC-3"; yVA17 at the PolyLacO-
targeted allele: S'-TAGATAGGGATAACAGGGTAATAGC-
3" and S5'-AGGGCTGTACCTCAGTTTCAC-3'; OVA:
SSATTGCGCATTGTTATCCACA-3" and 5'-TAAGCCCT-
GCCAGTTCTCAT-3"; pole: 5'-GGGCTGGCTCATCAA-
CAT-3' and 5'-CTGGGTGGCCACATAGAAGT-3' (SEQ ID
NOS: 5-28, respectively).

Constructs, Transfection and Cell Culture.

The Lacl-HP1 expression plasmid was created by substi-
tuting Lacl-HP1la from a construct provided by L. Wallrath
(Unmiversity of Iowa, Iowa City) for AID 1n pAIDPuro (from
H. Arakawa; Munich, Germany), to position Lacl-HP1 down-
stream of the chicken f3-actin promoter. The GFP-Lacl
expression plasmid (p3'ss-EGFP-Lacl) was provided by A.
Belmont (University of Illinois, Urbana). Cell culture and
transiection were carried out as previously described [47].
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DT40 PolyLacO-A , was generated by homologous gene tar-
geting, using a construct carrying approximately 3.8 kb of
polymerized lactose operator (PolyLacQO) flanked by arms
designed for targeting the region between YWVA17-pVA20, 17
kb upstream of the transcribed VA,. In brief, homologous
integrants were 1identified by PCR, and the selectable marker
deleted by Cre expression. The DT40 bursal lymphoma
derives from B cell in which only one Igh allele 1s rearranged,
and 1n which the two parental chromomes are distinguished
by a polymorphism near 1 VA7. This enabled us to determine
whether the rearranged or unrearranged allele had been tar-
geted by PCR. Control experiments established that cell cycle
distribution was comparable in DT40 PolyLacO-A,, DT40
PolyLacO-A, GFP-Lacl and DT40 PolyLacO-A, Lacl-HP1
cells; and that culture of cells with up to 500 uM IPTG for 7
days did not affect proliferation rate or chromatin modifica-
tions at YVA17, in DT40 PolyLacO-A, GFP-Lacl control
cells. Oligonucleotides for VA sequence analysis have been
described [47].

Fluorescence Imaging.

For fluorescence imaging, cells (2x10°) were cytospun
onto glass slides and fixed with 2% paraformaldehyde for 20
min, permeabilized with 0.1% NP-40 for 15 min, and stained
as previously described [90]. Primary staining was with an
anti-Lacl monoclonal antibody (1:500 dilution; Upstate); and
the secondary antibody was donkey anti-mouse IgG Alexa
Fluor 594 (1:2000; Molecular Probes, Fugene, Oreg.). To
visualize the nucleus, cells were stained with DAPI (Sigma,
Saint Louis, Mo.). Fluorescent images were acquired using
the DeltaVision microscopy system (Applied Precision) and
processed with softWoRx software (Applied Precision).
RT-PCR.

RNA was harvested from cells using TRIzol Reagent (In-
vitrogen) and purified with a PreAnalytiX column (Qiagen).
VA transcripts were amplified following dilution of the tem-
plate (1:1300); and [3-actin was amplified from an undiluted

sample. The primers for amplification of VA were 5'-G'1-
CAGCAAACCCAGGAGAAAC-3' (SEQ ID NO: 29) and

SCAATCCACAGTCACTGGGCTG-3' (SEQ ID NO: 30).
The primers for amplification of -actin have been described
[36].

Quantitation of slgM Loss Variants and Sequence Analysis.

The slgM loss variant assay, which measures the accumu-
lated slgM-loss variants resulting from frameshift or non-
sense mutations 1n mutated V regions, was used to quantitate
Ig V region diversification [47,50]. In brief, slgM™ cells were
1solated by flow cytometry followed by limiting dilution clon-
ing, and expanded for 4 weeks. To quantitate the fraction of
slgM™ cells, approximately 1x10° cells were stained with
anti-chicken IgM-RPE (Southern Biotechnology Associates,
Birmingham, Ala.), and analyzed on a FACScan with
CellQuest software (BD Biosciences).

Single-cell PCR and sequence analysis were performed as
described [47]. In briet, slgM™ cells were sorted, aliquoted to
single wells, VA regions amplified and sequenced, and their
sequences compared to the VA donors to determine 1f muta-
tions were templated or nontemplated. The criterion for a
templated mutation was that nine consecutive bases must be
an exact match in donor and recipient. Sequences dertved
from two independently transfected lines. Only unique
sequences were 1mcluded for classification of the mutations.
Results
Permissive Chromatin Structure at VA and VA Donor Tem-
plates

In DT40 B cells, the functional VA gene at one Igh allele 1s
rearranged and expressed, and the other 1s unrearranged and
not expressed. We characterized chromatin structure at the
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rearranged (VA ) and unrearranged (VA,,) alleles and the
PVA array by chromatin immunoprecipitation (ChIP). ChIP
was carried out with antibodies specific for lysine acetylation
at the N-termim of hustones H3 and H4. Recovered DNA was
amplified 1n duplex PCR reactions; recovery normalized to an
amplicon from the ovalbumin (Ova) gene, which 1s not
expressed 1n B cells; and enrichment normalized to a total
DNA 1input control (see Maternals and Methods for details).
The distinct genomic structure of VA, and VA, permit them
to be distinguished by PCR with specific primers. ChIP dem-
onstrated considerable enrichment of acetylated histones H3
and H4 (AcH3 and AcH4) at the rearranged VA, gene. In a

typical experiment, AcH3 was enriched more than 80-fold at
VA, and AcH4 more than 30-fold (FIG. 9B). In contrast, at

the unrearranged VA, allele, the levels of AcH3 and AcH4
were much lower than at VA, (16-fold and 7-fold lower,
respectively); and only a few fold enriched relative to input

DNA.

Chromatin structure within the VA array was assayed by
amplification with primers which interrogated seven sites,
including a region between VA1 and the VA gene, YVAL,
PYVAS, YVAI3, WVALS, YVA24, YVA2S5, and the upstream
flanking region. (Due to a paucity of polymorphisms, the
PVA arrays at the two Igh alleles in DT40 cannot be readily
distinguished by PCR.) Strikingly, we observed considerable
enrichment of AcH3 and AcH4 throughout the VA array
(FIG. 9B). Enrichment was not proportional to distance from
the transcribed VA, gene, as sites distant from VA, did not
consistently display lower levels of enrichment than proximal
sites (FIG. 9B). Thus, enrichment of acetylated histones
within the YVA array does not simply represent a graded
spreading ol chromatin modification from the transcribed
VA, gene to sites upstream. The non-uniform chromatin
structure of the locus suggests the presence of cis-elements
that regulate chromatin structure at the YWVA array.
Reversible Tethering of Lacl Fusion Proteins to the (VA
Array 1n D140 PolyLacO-A,

Local modification of chromatin structure can be achieved
by tethering regulators to DNA binding sites as appropriate
fusion proteins. This strategy has, for example, been used to
show that the heterochromatin protein HP1a, expressed as a
fusion with lactose repressor (Lacl-HP1), promotes a closed
chromatin structure and mactivation of reporter genes neigh-
boring a LacO repeat in Drosophila [61,62]; and to show that
tethering of the vertebrate G9a histone methyltransierase to a
GAL4 binding site within V(D)J minigene reporter impairs
nonhomologous-mediated recombination of that construct
[63]. The cell line, DT40 PolyLacO-A,, which 1s a DT40
derivative in which polymerized lactose operator (PolyLacO)

has been inserted by homologous gene targeting between
PYVAL7-pVA20, 17 kb upstream of the transcribed VA, (FIG.

10A). The PolyLacO insert 1s 3.8 kb 1n length and comprised
of approximately 100 copies of a 20-mer operator [64]. Using
this cell line, 1t 1s possible to assay the eflects of tethered
regulatory factors on homologous recombination 1n a physi-
ological process within an endogenous locus, avoiding the
need for a transgene reporter. Control experiments have
shown that the PolyLacO tag does not atfect cell proliferation,
cell cycle, or Ig gene diversification.

In DT40 PolyLacO-A, GFP-Lacl, which stably expresses
enhanced green fluorescent protein fused to lactose repressor
(GFP-Lacl), the tagged A, allele can be directly imaged by
fluorescence microscopy and appears as a distinct dot 1n each
cell (FIG. 10B, lett). Tethering 1s reversible, as bright dots are
not evident following overnight culture with 100 uM IPTG,

which prevents Lacl from binding to LacO (FIG. 10B, right).
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Tethered HP1 Dimimishes Modifications Characteristic of
Active Chromatin at YVA

To manipulate chromatin structure at the VA array, we
generated stable transfectants of DT40 PolyLacO-A, which
express the Drosophila melanogaster HP1 protein fused to
Lacl (LacI-HP1). HP1 1s a non-histone heterochromatin pro-
tein that functions in heterochromatic gene silencing, the
spreading of heterochromatin and histone deacetylation [58-
60]. Tethered HP1 has been shown to promote a closed chro-
matin structure at adjacent genes [61,62, 66-68]. Staining,
DT40 PolyLacO-A, Lacl-HP1 transfectants with anti-Lacl
antibodies showed that Lacl-HP1 colocalized with DAPI
dense-regions corresponding to pericentric heterochromatin
(FIG. 11A), behaving as a functional marker of heterochro-
matin [65].

To ask if tethered Lacl-HP1 altered chromatin structure,
we assayed chromatin modifications at WpVA17. This 1s the
only site 1n the YVA array at which the rearranged and unre-
arranged alleles can be distinguished by use of specific PCR
primers, due to a sequence polymorphism created during
construction of DT40 PolyLacO. Following ChIP, DNA was
amplified with PCR primers specific for the targeted rear-
ranged allele (YVA17,). Enrichment of VA17, was com-
pared to the nonexpressed ovalbumin gene (Ova) as an inter-

nal control; and normalized to the YVA17,:0va enrichment

rat1o 1n total input DNA (see Material and Methods). AcH3
and AcH4 were enriched at YWVA17, 1n DT40 PolyLacO-A,
GFP-Lacl controls 2.2-fold and 5.9-1old, respectively (FIG.
11B, C). These levels of enrichment are comparable to those
documented 1n DT40 (FI1G. 9B). (Note that analysis of modi-
fication at VA 1n the survey of the parental DT40 line nec-
essarily includes both alleles, which may underestimate acti-
vating modifications at the rearranged allele. In contrast,
analysis of modifications at PVA17, imterrogates only the
active allele.) AcH3 and AcH4 were not enriched at pVA17,
in DT40 PolyLacO-A, Lacl-HP1 transtectants (0.6 and 1.0-
told, respectively; FIG. 11B, C), consistent with HP1-medi-
ated silencing. HP1 can eflfect silencing by recruitment of a
histone methyltransierase which modifies lysine 9 of histone
H3 [66-68], but may also promote silencing independently of
this modification [61]. ChIP using antibodies against either
di- and tri-methylated H3 (K9) did not reveal clear enrich-
ment of the H3 K9-Me modification (data not shown). Methy-
lation of lysine 4 (diMeK4) of histone H3 1s associated with
transcription and generally exhibits an overlapping distribu-
tion with acetylation [69,70]. Assays of diMeK4(H3) at
PVA17, demonstrated that this modification was 18.9-fold
enriched 1n DT40 PolyLacO-A, GFP-Lacl cells, but at back-
ground levels 1n DT40 PolyLacO-A, Lacl-HP1 cells (FIG.
11B, C).

HP1 promotes maintenance and spreading of heterochro-
matin [66]. To verily that changes in chromatin structure
promoted by tethered HP1 did not spread throughout the
chromosome, we examined another site near the A light chain
locus on chromosome 15, the gene encoding the catalytic
subunit of DNA pole. DNA pole 1s ubiquitously expressed
and essential for chromosomal replication in eukaryotes [71],
and 1t 1s encoded by a gene mapping approximately 2.1 Mb
from Igh. We found no difference in enrichment of AcH3 at
the pole promoter region in the D140 PolyLacO-A , Lacl-HP1
transfectants relative to D140 PolyLacO-A, GFP-Lacl con-
trols (pole/Ova enrichment 8.5-fold and 8.4-fold, respec-

L ] e

tively; F1G. 3C). Similarly, there was no difference in AcH4 at

the pole promoter 1n the DT40 PolyLacO-A, Lacl-HP1 trans-
tectants relative to D140 PolyLacO-A, GFP-Lacl controls
(pole/Ova enrichment 1.9-fold and 1.7-fold, respectively;
FIG. 11C). Thus, tethering of Lacl-HP1 at VA caused local
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modifications 1n chromatin structure, diminishing the AcH3,
AcH4 and diMeK4(H3) modifications characteristic of open
chromatin at YVA17,, and causing chromatin to adopt a less
permissive state.

Tethered HP1 Does Not Affect VA Gene Expression

We asked how tethered HP1 affected AcH3 and AcH4
levels at the expressed VA , by comparing these modifications
in DT40 PolyLacO-A, Lacl-HP1 cells and the D140 Poly-
LacO-A, GFP-Lacl control transtectants (FIG. 12A). Teth-
ered HP1 diminished AcH3 and AcH4 levels to approxi-
mately 40% and 20% of the control levels, respectively. To
ask 11 this affected gene expression, we assayed both surface
IeM (slgM) expression and VA transcript levels. Staining
cells with mouse anti-chicken IgM showed that slgM expres-
sion was comparable 1n DT40 PolyLacO-A, GFP-Lacl and
DT40 PolyLacO-A, Lacl-HP1 lines, cultured in either the
presence or absence of IPTG (FIG. 12B). VA transcript levels
were assayed by quantitative RI-PCR of RNA harvested from
DT40 PolyLacO-A, GFP-Lacl and DT40 PolyLacO-A, Lacl-
HP1 cells, and normalized to 3-actin as a control (FIG. 12C).
No s1 gmﬁcant difference was observed between VA transcrlpt
levels 1n the two cell lines, demonstrating that transcription 1s
not atfected by tethering of HP1 within the VA array. Thus
tethered Lacl-HP1 did not affect expression of the down-
stream Ig gene, although 1t did diminish AcH3 and AcH4
levels at V4. The very high AcH3 and AcH4 levels character-
istic of VA (FIG. 9B, FIG. 12A) are therefore not essential to
maintain high levels of gene expression.

Tethered HP1 Alters Local Chromatin Structure

To assess how extensive the chromatin effects of LacI-HP1
were, we examined AcH3 and AcH4 levels throughout the Igh
light chain locus at the same amplicons examined 1n FI1G. 9,
including one in the flank, six 1n the VA array, as well as at
the expressed VA. Levels of modification were determined by
comparing PVA17,:0Ova ratios of immunoprecipitated and
input conditions, as 1n FIG. 11B. AcH3 modifications at the
sites surveyed ranged from 24% to 63% of the levels at the
same sites 1n the controls (FIG. 13A, dark bars); and the
average level of H3 acetylation across all of the sites was 38%
of the PolyLacO-A, GFP-Lacl control. Culture of DT40
PolyLacO-A, Lacl-HP1 transfectants for three days with 250
uM IPTG increased acetylation of H3 at all eight sites sur-
veyved (FIG. 13 A, compare dark and light bars). The effects of
IPTG culture were somewhat variable, but at most sites IPTG
culture restored levels of AcH3 to at least 45% of the level 1n
the DT40 PolyLacO-A, GFP-Lacl control cells; with an aver-
age of over 80%. Thus, the chromatin modifications at
YVAL17, 1n DT40 PolyLacO-A, Lacl-HP1 cells resulted
directly from tethered Lacl-HP1, and were largely reversible.
H4 acetylation was surveyed at the same eight sites (FIG.
13B, dark bars). AcH4 modifications were found to range
from 18% to 42% of control levels; and the average level was
29% of the control cell line. Culture with IPTG for three days
increased acetylation of H4 at all eight sites surveyed (FIG.
13B, compare dark and light bars), restoring levels of H4
acetylation to at least 57% of the level in the D'T40 PolyLacO-
A, GFP-Lacl control cells; with an average of over 80%.
Moreover, IPTG can at least partially reverse the effects of
Lacl-HP1.

These results show that the observed chromatin modifica-
tions 1n the YVA array are due to tethering of HP1. Moreover,
the fact that these modifications are reversible shows that an
active mechanism reverses histone modifications imposed by
tethering chromatin modification factors at YPpVA.

Tethered HP1 Impairs Templated Mutagenesis.
The ability to manipulate chromatin structure at VA by

tethering Lacl-HP1 (FIGS. 11-13) enabled us to directly ask
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whether and how chromatin structure influences Ig gene con-
version. We used the slgM loss variant assay to determine 11
tethered Lacl-HP1 affected the clonal rate of sequence diver-
sification of the rearranged VA, gene. This fluctuation assay
measures the fraction of variant cells which no longer express
structurally intact slgM, and thus scores mutation events

resulting from either gene conversion or point mutagenesis
[47,50]. Independent clonal derivatives of D140 PolyLacO-

I~ GFP-Lacl and DT40 PolyLacO-A, Lacl-HP1 were estab-
lished by limiting dilution cloning of slgM™ cells, and the
fraction of slgM™ cells in each population determined by flow
cytometry of cells cultured for 4 weeks, and then stained with

anti-IgM antibody. The median slgM loss rate was 0.5% for
DT40 PolyLacO-A , GFP-LaclIcells and 2.8% for DT40 Poly-

LacO-A, Lacl-HP1 cells (FIG. 14A). This corresponds to
5.6-1old acceleration of clonal diversification rates in Lacl-
HP1 transfectants relative to GFP-Lacl controls.

Ig gene diversification 1n chicken B cells occurs predomi-
nantly by gene conversion (templated mutation); but 11 gene
conversion 1s impaired, for example by the absence of essen-
tial factors, repair can create a significant fraction of nontem-
plated mutations [ 50-53]. This 1s typically accompanied by an
increase 1n the clonal diversification rate, because the PVA
templates for gene conversion are about 80% i1dentical to the
rearranged gene, and a significant fraction of DNA lesions
that are repaired by gene conversion do not undergo any
alteration of sequence; in contrast, repair by a mutagenic
polymerase 1s more likely to alter DNA sequence. To deter-

mine how tethering of HP1 accelerated diversification, we
sorted single slgM™ cells from the D'T40 PolyLacO-A,, GFP-

Lacl and DT40 PolyLacO-A, Lacl-HP1 transfectants, ampli-
fied expressed VA regions by single-cell PCR, and sequenced
these regions. Sequence changes were categorized as tem-
plated 1f they were within a tract containing two or more
mutations and the tract was an exact match to at least 9 bp of
a donor VA sequence; and as ambiguous if they consisted of
only a single base change, but did match at least 9 bp of a
donor YVA sequence. Nontemplated events, consisting of
point mutations, deletions, and insertions, were also scored.
Inthe control D'T40 PolyLacO-A , GFP-Lacl transtectants, 54
templated events and 2 ambiguous events were documented
among 70 unique mutations; thus most events (77%) were
templated, and a small fraction of events (20%) were point
mutations (FIG. 14B, left; FIG. 15). Strikingly, in DT40
PolyLacO-A, Lacl-HP1 cells, point mutations predominated
(59%), accompamed by deletions (8%) and 1nsertions (14%);
while only 1 clearly templated event and 6 ambiguous events
were documented among 36 unique mutations (FIG. 14B,
right; FIG. 15). Thus only 3% of mutations were clearly
templated, and even including the ambiguous class of poten-
tially templated mutations, templating could account for no
more than 19% of mutation. Statistical comparisons showed
that the diflerence between the fraction of clearly templated
mutations in DT40 PolyLacO-A , GFP-Lacl control cells and
DT40 PolyLacO-A ,, Lacl-HP1 transtectants (77% compared
to 3%) was highly significant (P=7.1x107"; Fisher’s exact
test). The difference 1n the fraction of ambiguous, potentially
templated mutations in the control cells (3%) and HP1 trans-
fectants (17%) 1s also significant (P=0.05; Fisher’s exact
test). This suggests that some mutations 1n this category may
arise as a result of limitations on the length of a gene conver-
s1on tract imposed by nonpermissive donor chromatin. Thus,
tethering of HP1 accelerated clonal rates of mutagenesis by
impairing templated mutation.

Discussion

Gene conversion at the chicken Ig loci uses an array of
upstream 1V donors as templates for homology-directed
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repair of lesions targeted to the rearranged and transcribed V
genes. This example shows that, in chicken B cells carrying
out active Ig gene conversion, chromatin within the donor
VA array 1s characterized by enrichment of acetylated H3
and H4, modifications that correlate with an open chromatin
structure. We directly demonstrated the importance of per-
missive chromatin structure for Ig gene conversion by show-
ing that tethering the heterochromatin protein HP1 to theyvaA
donor array caused local changes in chromatin structure,
diminishing the AcH3, AcH4 and diMeK4(H3 ) modifications
characteristic of open chromatin. Although these changes
were not accompanied by the Me-K9 (H3) modification char-
acteristic of closed chromatin, they caused the region to adopt
a state less permissive for gene conversion. Tethering of HP1
was accompanied by a dramatic shift in the Ig VA mutation
spectrum, so that templated mutations were in the minority
and point mutations predominated. Importantly, this effect on
mutagenesis was correlated with a change in chromatin struc-
ture and not changes 1n expression of the locus. Thus, chro-
matin structure can dictate whether gene conversion occurs at
a endogenously generated DNA lesion.
The Mechamsm of Gene Conversion Within a Complex
Chromatin Landscape

Gene conversion at VA results from priming of new DNA
synthesis at the 3' end of a break using a PVA region as
template. Gene conversion requires synapsis between the
donor and recipient DNA, as well as access to the donor by
factors that carry out homology-directed repair. The elevated
levels of H3 and H4 acetylation characteristic of the PpVA
array 1n wild type DT40 are evidence of a relaxed chromatin
structure, which would increase the accessibility of the VA
genes to trans-acting factors and also create a three-dimen-
sional architecture that 1s favorable for sequence synapsis.

HP1 tethered within the VA donor array impaired gene
conversion at the rearranged V4, without aiffecting VA gene
expression. Chromatin changes caused by tethered HP1 may
impair gene conversion by impeding access of repair factors
and the mvading strand to the donor template. Tethered HP1
may also contribute to larger chromosomal architecture that
aifects the mechanics of DNA repair pathways, such as loop-
Ing necessary to juxtapose donor and recipient sequences.
The point mutations that accumulated 1n Lacl-HP1 transiec-
tants are typical of thwarted recombinational repair, and are
characteristic of cells lacking either trans-acting factors
essential for recombination [49-55] or some or all of the W
donor array [56]. HP1 regulates chromatin structure and het-
erochromatic gene silencing in two ways, by partnering with
a histone methyltransierase [66] and by recruiting histone
deacetylases [60]. Tethered HP1 caused modifications char-
acteristic of a nonpermissive chromatin structure within 1y va.

Histone acetylation has been documented at actively tran-
scribed mammalia